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Abstract 
 
A variety of mass movement and depositional geomorphic phenomena in the 
Golden Gate Highlands National Park have been described in the literature 
over the past few decades, yet notably, the prominent rockfalls remain 
understudied. The objective of the MSc study is to undertake detailed mapping 
of the GGHNP rockfalls, and in so doing ascertain a better understanding of 
their macro-morphologies, associated spatial-size dynamics and relationships 
to lithology, using both field-based and desktop image processing techniques. 
 
Ground truthing, using the highest possible resolution achievable through 
differential GPS (DGPS) and field measurements with an accuracy of cm to 
mm, serves to quantify the accuracy of mapping rockfall phenomena through 
0.5 m GSD colour aerial imagery. In addition, field measurements are used as 
inputs for feature extraction, such that rockfalls associated with the Clarens, 
Elliot and Molteno Formation Sandstones may be defined using object 
orientated classification techniques.  The dimensions, orientation and absolute 
coordinates of rockfalls for select representative sites were captured using both 
field based and desktop techniques. The rockfall coordinates were taken at the 
midpoint of each measured rock using a DGPS, with an accuracy of ~ 2 cm on 
the x, y and z axis.  
 
Object Based Image Analysis (OBIA) of Clarens and Molteno Fm. rockfalls 
was performed successfully using ground-truthed rockfall measurements to 
guide the creation of segmentation and classification rulesets.  Multiple linear 
regression modelling can be used to model rockfall characteristics from 
ground-truthing with remotely sensed imagery, albeit to a very limited extent.  
Elliot Formation rockfalls could not be mapped and analysed mainly due to 
resolution limitations.  Uni- and bi-variate statistics show promise in 
interpreting rockfall distribution and weighting with environmental variables 
derived from a DEM and geological vector.   
 
Point density analyses found that for the entire GGHNP ~2 and ~4 rockfalls 
are found per Km² of Clarens and Molteno Formation rockfall areas 
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respectively. Park infrastructure and anthropogenic activities at Wilgerhof 
show potential risk to Clarens Fm. rockfalls.  Overall, infrastructure at the 
GGHNP possesses no real danger from Clarens and Molteno Fm. rockfalls, 
however anthropogenic outdoor activities such as hiking, which are more 
difficult to measure, could possess a high degree of rockfall hazard, especially 
where they are found occurring in very high density Clarens Fm. rockfall 
regions.   
 
The frequency distribution of Clarens and Molteno Fm. rockfalls in the 
GGHNP compares well with the frequency distribution of rockfalls in the  
Bushmen’s Nek region of the southern Drakensberg for rockfalls 0 – 25 m of 
rock exposures, on slopes with an altitude between 1800 and 2000 m a.s.l with 
slope gradients of 18° - 29°.  The observed mean distance between Clarens 
and Molteno Fm. rockfalls was observed to increase with a decrease in 
altitude, slope gradient, and distance to rock exposures and drainage lines.  
The observed mean distance between Clarens and Molteno Fm. rockfalls was 
also notably higher on south-facing slopes.  The InfoVal weights for the 
Clarens Fm. rockfalls indicate that rockfalls are most greatly influenced by 
very steep slope gradients.   
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Chapter 1 - Introduction 
 
1.1.    Rockfalls within a southern African context 
 
Mass movement phenomena such as landslides are the 7
th
 largest killer among 
natural disasters (Herath & Wang, 2009).  The socio-economic impacts of 
mass movements are usually severe (Schuster, 1996).  In, Japan, annual losses 
associated with mass movements were reported to be between 4 and 6 billion 
US$ in 2008 (Herath and Wang, 2009).  The estimated cost for the prevention 
and rehabilitation of mass movements in southern Africa is about 20 million 
US$ a year (Paige-Green, 1989), however this outdated figure is likely an 
underestimate, given that no new estimates have been made (Paige-Green & 
Leyland, 2009).  In South Africa, the socio-economic impacts of mass 
movements are gaining attention.  For instance, the Council for Geosciences 
(CGS) has identified the need of local and provincial authorities to effectively 
manage strategies for reducing economic and social losses due to mass 
movements (Diop et al., 2010).  Consequently, the CGS has embarked on the 
systematic inventorisation and susceptibility mapping of zones prone to slope 
instability in South Africa (Diop et al., 2010).  The first synoptic landslide 
hazard map for South Africa was first developed by Paige-Green (1985) and 
modified and updated by Garland & Olivier (1993) and then revised again by 
Paige-Green & Croukamp (2004).  Synoptic mass movement hazard maps are 
valuable at raising public and governmental awareness of geohazards such as 
landslides.  
 
Many regions of the world are experiencing increases in mean, maximum, and 
minimum air temperatures, as also more frequent heavy precipitation (IPCC, 
2007).  Studying of the effects of climate change on mass movements in 
mountain environments such as the European Alps, has become increasingly 
relevant, since climatic changes affect the frequency and magnitude of mass 
movements, such as shallow landslides, debris flows, rock slope failures, or 
ice avalanches (Stoffel & Huggel, 2012).  For instance, the frequency of rock 
slope failures is likely to increase in the European Alps, as excessively warm 
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air temperatures, glacier shrinkage, as well as permafrost warming and 
thawing will affect and reduce rock slope stability in the direction that 
adversely affects rock slope stability (Stoffel et al., 2014).  In southern Africa 
disastrous rainfall-triggered mass movements have been recorded in the 
Western Cape (Blight et al., 1970) and KwaZulu Natal (Thomas and van 
Schalkwyk, 1993).  It has been suggested that climate change will indirectly 
result in an increase in the number of catastrophic mass movements (Petley, 
2010).  Thus, there is a growing need for South African earth scientists to 
increase their understanding of mass movements, particularly for improving 
spatial and temporal predictions of their likely future occurrences (Hardwick, 
2012). 
 
  In South Africa, studies commonly focusing on rockfalls and rockbursts are 
associated with anthropogenic activities such as mining and blasting 
(Esterhuizen & Streuders, 1998; Gumede & Stacey, 2007; Vogt et al., 2010).  
Naturally occurring rockfalls within South Africa are usually localised to the 
cliffs along the Great Escarpment, however there have been few 
geomorphological studies (Boelhouwers & Meiklejohn, 2002; Grab, 2010; 
Grab & Mills, 2011; Hardwick, 2012).   
 
In the Ceres Mountains (Western Cape), rockfall activity has been associated 
with earthquakes (Green & Bloch, 1971).  At Chapman's Peak Drive in the 
Western Cape, the famous 10 Km scenic road had to be closed and reopened 
to the public in 2004 following extensive reconstruction works and 
assessments of rockfall hazards using innovative numerical and geotechnical 
methods which included a special GIS-based mapping of all potential rockfalls 
together with a corresponding 3D-trajectory analysis, and an additional 
probabilistic analysis of the expected rockfalls and the design of the protective 
structures (Volkwein et al., 2005).  Rockfalls along the Drakensberg Lesotho 
mountains occur as falling and toppling movements along the horizontally-
bedded rock outcrops of the Karoo Supergroup (Hardwick, 2012).  In the 
Drakensberg-Maluti Mountains, field evidence of massive Basalt and Clarens 
Formation boulders on the scree slopes below the cliffs formed by the resistant 
Drakensberg basalt and Clarens Formation are primarily controlled by the 
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detachment of large blocks along joints and other lines of weakness by 
processes such as undercutting and ice-wedging (Figure 1) (Moore & 
Blenkinsop, 2006).  In southern Africa, little is understood regarding the 
spatial and macro-morphology of rockfalls, particularly those pertaining to the 
Clarens, Molteno and Elliot Formations.   
 
Traditionally, rockfall activity has been measured by collecting data from the 
clasts detached from cliffs in natural embayments or by artificial means 
(Matsuoka and Sakai, 1999).  This activity usually required that a great 
number of samples be obtained and long time spent collecting the data, and 
together with the complexity of the sampling devices, made it difficult to 
obtain information on rockfall activity in wide geographic areas, thus 
hindering interpretation at the regional scale (Menéndez Duarte & Marquinez, 
2002).  Remote sensing techniques, such as Aerial Photo Interpretation (API), 
offer a cheaper and quicker approach for regional mass movement feature 
identification than field-based methods (Brardinoni et al., 2003).  In southern 
Africa, API has been successfully adopted to investigate and map mass 
movement phenomena (Bijker, 2001; Singh, 2008; Hardwick, 2012). 
 
1.2.    Aims and objectives 
 
In the Bushmen’s Nek region of the southern Drakensberg, site-specific 
classification for mass movement features and analyses of a large variety of 
environmental factors leading to mass movement activity have been assessed 
(Hardwick, 2012).  Using similar approaches, this study aims to better 
understand the spatial distribution and macro-morphology of rockfalls 
originating from the Clarens and Molteno Formation sandstones and Elliot 
mudstone, in relation to a variety of environmental variables in the Golden 
Gate Highlands National Park (GGHNP), Eastern Free State.  The GGHNP 
which forms part of the Maloti Drakensberg Transfrontier Conservation Area 
(MDTFCA), was established to conserve these geological formations and as 
such was chosen as the study area.  The park, which is currently managed by 
SanParks, is best known for its geological, paleontological and 
geomorphological heritage.   
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Figure 1: Massive Clarens Formation boulders strewn across the slopes of the 
Drakensberg-Maluti mountainland.   
Although the diversity of sandstone geomorphological phenomena in the park 
has been highlighted (Grab et al., 2011), little is known about the spatial 
distribution and macro-morphology of rockfalls originating from the Clarens 
and Molteno Formation sandstones and Elliot mudstone.  The environmental 
variables of altitude, slope aspect, slope gradient, slope unit, and distance to 
drainage lines and lithology (rock exposure) were selected, as they are the 
typical variables used in landslide and rockfall hazard zonation studies 
(Nefeslioglu et al., 2008; Pandey et al., 2008).  The environmental variables 
were selected to examine the spatial distribution of rockfalls in relation to 
topography. 
 
The GGHNP is suited to studies focusing on the environmental, rather than 
anthropogenic effects on rockfalls, as only a small percentage of the GGHNP 
is accessible to visitors and most of the human impacts are concentrated along 
footpaths or hiking trails, camp sites, and hotels or tourist attractions, such as 
rock overhangs. 
Clarens Formation 
(rock exposure) 
Clarens Formation 
rockfalls 
 
17 
 
The primary objectives of this study include: 
1. Using ground-truthed rockfalls to develop and validate a remote 
sensing based classification approach for rockfalls originating from the 
Clarens and Molteno Formation sandstones and Elliot Formation 
mudstone. 
2. To examine whether or not Clarens, Molteno and Elliot Formation 
rockfall characteristics measured during ground-truthing can be 
modelled with Topographic Environmental GIS Proxies (TEGP) using 
multiple linear regression.   
3. To understand the spatial and macro-morphology of rockfalls 
originating from the Clarens and Molteno Formation sandstones and 
Elliot Formation mudstone. 
4. To compare the findings of rockfalls originating from the Clarens and 
Molteno Formation sandstones and Elliot Formation mudstone in the 
Drakensberg-Maluti mountains to those of a previous study in the 
southern Drakensberg.  This was done to examine whether or not the 
rockfalls originating in the southern Drakensberg share trends with 
rockfalls originating in the GGHNP. 
 
1.3.    Structure of the dissertation 
This dissertation is structured into eight chapters.  Chapter 1 is the 
introduction, which describes the relevance of mass movement studies, such as 
landslides and rockfalls, presenting the current state of rockfall studies in a 
southern African context, and the aims and objectives of the research.  Chapter 
2 discusses the characteristics of rockfalls, rockfall susceptibility and 
modelling research, and the potential for classifying rockfalls through the use 
of object-oriented approaches.  Chapter 3 describes the environmental setting 
of the GGHNP.  Chapter 4 presents the methodology used for ground-truthing 
rockfalls, processing remotely sensed data to meaningful environmental 
variables, and the approach for modelling rockfall characteristics using 
multiple linear regression modelling.  Chapter 5 discusses the results of the 
ground-truthing work.  Chapter 6 presents the results and discussion of the 
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multiple linear regression models, which test whether or not rockfall 
characteristics gathered from ground-truthed measurements, can be detected 
using TEGP.  The results of chapter 5 and 6 were then used to develop an 
object-oriented approach for mapping rockfall points in the GGHNP, 
presented in chapter 7.  The spatial distribution and macro-morphology of 
rockfalls extracted through object-oriented approaches was then critically 
analysed in chapter 7 using a number of GIS, and statistical approaches.  
Chapter 8 provides a summary of all the findings for rockfalls in the GGHNP 
originating from the sandstone Formations.   
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Chapter 2 - Rockfall Characteristics, Modelling, 
and Mapping 
 
  2.1.    Rockfall characteristics 
Varnes (1978) defines a rockfall as a fragment of rock (a block) detached by 
sliding, toppling, or falling, which fails along a vertical or sub-vertical cliff, 
proceeding down slope by bouncing and flying or by rolling on talus or debris 
slopes.  Antoniou & Lekkas (2010) define a rockfall as small cobble stones, to 
large boulders hundreds of cubic meters in size, which travel at speeds ranging 
from few to tens of meters per second.  Rockfalls are a natural hazard that 
usually impact small areas, however, the damage to infrastructure or persons 
directly affected can be high with serious consequences (Volkwein et al., 
2011: 2617).  Rockfalls come to rest in what is termed the “rockfall runout 
zone”, these occur at or near the base of a slope.  When a rockfall triggers a 
large-scale mass movement of rock material, it is defined as a rock-slide or –
avalanche (Dorren, 2003).  Rock cuttings for highways and railways, and 
developments in mountainous terrain are most at risk to rockfall events.   
 
Figure 2 and Table 1 illustrate and list the external forces and internal factors 
which initiate rockfalls respectively.  Internal parameters refer to the intrinsic 
features of slopes, and with time evolve due to external forces such as climate 
(Volkwein et al., 2011).  Rockfalls are generally initiated by some climatic or 
biological event that causes a change in the forces acting on a rock.  The 
potential for rockfalls is dependent on a number of environmental factors 
causing physical or chemical weathering, and the geological and geotechnical 
properties of the rockfall source (Day, 1997).  These factors may include pore 
pressure increases due to rainfall infiltration, erosion of surrounding material 
during heavy rain storms, freeze-thaw processes in cold climates, chemical 
degradation or weathering of the rock, and plant root growth, to name a few.  
Luckman (1976) also attributes rockfalls to the morphological and geological 
characteristics of the cliff and rock surface temperature fluctuations.  Freeze-
thaw activity is probably one of the most frequently documented promoters 
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and causes of rockfalls (McCarol et al., 1998; Masuoka & Sakai, 1999; Peila 
et al., 2011; Kenner et al., 2011; Kellerer-Pirklbauer et al., 2012; Šilhán et al., 
2013), especially in cold environments.  The diversity of rockfall promoting 
factors have been investigated in the Yosemite valley (USA), where rockfalls 
have been attributed to factors such as seismic activity, rain storms, rapid 
snow melt, freeze-thaw cycles, root penetration, wedging, and stress relief 
followed by deglaciation (Stock et al., 2011; Stock et al., 2012; Zimmer et al., 
2012; Cordes et al., 2013).   
 
 
Figure 2: Illustration of the internal parameters and external forces, which 
initiate rockfalls (after Jaboyedoff & Labiouse, 2003; Jaboyedoff & Derron, 
2005). 
 
A rockfall can experience four types of motion along its path; free fall, rolling, 
bouncing and sliding (Basson, 2012).  Figure 3 shows the type of motions 
during a rockfall.  The freefall of rocks occurs on steep slopes which exceed 
70°. As the slope gradient decreases towards 45°, the rockfalls have a 
movement which is at or near the slope surface.  If the mean slope gradient 
decreases in the down-slope section, rocks begin colliding with the slope and 
are then said to be bouncing (Dorren, 2003: 72).  At 45° and less, the rockfall 
movement gradually transforms its motion to rolling.  Retardation of moving  
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In
te
rn
a
l 
P
a
ra
m
et
er
s 
Morphology 
Slope types (slope angle, height of slope, profile, etc.), 
exposure, type of relief (depends on the controlling 
erosive processes), etc. 
Geology 
Rock types and weathering, variability of the geological 
structure, bedding, type of deposit, folded zone, etc. 
Fracturing Joint sets, trace lengths, spacing, fracturing intensity, etc. 
Mechanical 
properties of 
rocks and soil 
Cohesion, friction angle, etc.  
Activity Movements or rockfalls, etc. 
Hydrogeology Permeability, joint permeability, etc. 
E
x
te
rn
a
l 
F
o
rc
es
 
Gravitational 
effects 
Geology and hydrogeology, climate, precipitation in the 
form of rainfall or snow, infiltration rates, ground water. 
Water circulation 
Weathering 
Erosion 
Seismicity 
Active tectonics 
Microclimate 
Including freezing and thawing, sun exposure, 
permafrost. Nearby 
instabilities 
Human activities Anthropogenic factors (eg. Mining). 
 
Table 1:  Internal parameters and external forces which initiate rockfalls 
(adapted from Volkwein et al., 2011).   
 
rocks refers to the factors acting to bring the rock to discontinue moving.  The 
velocity and eventual stoppage of a rockfall depend on the mean slope 
gradient, since falling rocks generally accelerate on a steeper slope gradient 
and decelerate on flatter slopes (Dorren, 2003).   
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Figure 3:  Types of motion during a rockfall (from Basson, 2012). 
   
  2.2.     Rockfall susceptibility mapping 
Rockfalls are one of the more extensively studied geomorphic phenomena due 
to the fact that they have catastrophic consequences, particularly in 
mountainous regions (Ballifard et al., 2003; Dorren, 2003; Erener & Düzgün 
et al., 2010; Jiménez-Perálvarez et al., 2011; Jaboyedoff et al., 2012a; 
Jaboyedoff et al., 2012b).  Traditional approaches for studying rockfall 
activity consist of measuring and gathering data from the clasts detached from 
cliffs (Hardwick, 2012).  The development of mass movement classifications 
(Hutchinson 1968; Varnes, 1978) has enabled innovative technologies such as 
GIS and remote sensing to interpret mass movement phenomena such as 
rockfalls more effectively and extensively (Guzzetti et al., 1999; Temesgen et 
al., 2001; Dorren & Seijmonsbergen., 2003; Chau et al., 2004; Ayalew & 
Yamagishi, 2004; Pradhan et al., 2009).  In particular, GIS analyses enabling 
the production of susceptibility maps have become popular in recent years 
(Wieczorek et al., 1999; Dai & Lee, 2002; Ballifard et al., 2003; Antoniou & 
Lekkas, 2010; Erener & Düzgün et al., 2010; Jiménez-Perálvarez et al., 2011; 
Jaboyedoff et al., 2012a; Jaboyedoff et al., 2012b).  Probabilistic, heuristic and 
deterministic methods are some of the approaches which have been developed 
to study mass movement phenomena.  Examples of studies using the 
aforementioned approaches are described in further detail. 
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  2.2.1.    Probabilistic methods 
Probabilistic methods compare the distribution of observed mass movements 
with the distribution of physical factors thought to cause mass movements, 
either directly or indirectly (Hagos, 2013; Cirella et al., 2014).  The 
Probabilistic methods rely on quantitative techniques and are the most 
frequently used.  A great deal of statistical analysis has been used for 
quantitatively understanding mass movement phenomena and these range 
from methods based on the inventorying of mass movements, qualitative and 
statistical bivariate analysis (Chung & Fabbri, 1999; Yilmaz & Yildirim, 2006; 
Pradhan & Lee, 2010; Yalcin et al., 2011), multiple regression analysis, and 
discriminant analysis (Pradhan, 2010; Rossi et al., 2010; Yilmaz, 2010).  
Logistic regression is a popular probabilistic statistical classification model 
which has been used for exploring the relationships between mass movement 
occurrence and topographic variables for the prediction of slope instability 
(Carrara et al., 1991; Rowbotham & Dudycha, 1998; Das et al., 2010; 
Prabhan, 2010; Yilmaz, 2010; Dong et al., 2011).  
 
Multivariate models for landslide hazard evaluation were first explored as 
part of a long-term project aimed to better understand the geological and 
geomorphological factors that control slope instability in southern Italy 
(Carrara, 1983).  Mappable geological and geomorphological variables have 
been shown to differentiate between mass movements on stable and unstable 
slope units, using multiple regression analysis to predict actual and potential 
mass movement hazards (Carrara, 1983).  Multivariate statistics has proven 
popular in studies demonstrating hypothetical correlations between instability 
factors and mass movement occurrence (Carrara, 1983; Carrara et al., 1991; 
Dai & Lee, 2002; Ayalew & Yamagishi, 2004; Yilmaz, 2009). However, 
multiple regression is limited in that it generalises and over simplifies causal 
factors, does not take into account the temporal aspects of mass movements, 
and is not able to predict the impact of changes in the controlling conditions 
(Yilmaz, 2009).   
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Probabilistic methods depend on the collection of large amounts of data for 
reliable results.  Such data sets include mass movement inventory maps, land 
component maps, DEMs, topographic variables derived from a DEM, rainfall 
data, geological data, and land use data, to name a few.  For instance, the GIS 
modelling of mass movements and slope instability in Lantau Island (Hong 
Kong), demonstrates how DEM elevation data, topographic variables derived 
from a DEM, lithological layers from geological data, and land use data are 
statistically significant in predicting slope instability, using logistic multiple 
regression analysis (Dai & Lee, 2002).  
    
  2.2.2.    Heuristic methods 
In contrast to probabilistic methods, heuristic methods are qualitative and rely 
on the expert knowledge of the analyst to associate weights to various mass 
movement instability factors (Ballifard et al., 2003).  The heuristic method 
makes use of mass movement inventory maps which can be combined with 
maps which express various terrain parameters, such as topography, geology 
or drainage to produce mapping units that are ranked into mass movement 
susceptibility classes (Casadei et al., 2003).  Two different types of heuristic 
analysis are recognised: geomorphological analysis and qualitative map 
combinations.  In geomorphological analysis, mass movement susceptibility is 
directly established by researchers in the field, and in qualitative map 
combinations, expert knowledge is used to assign weights to a series of 
thematic layers (Yilmaz, 2009: 1126).  There are many examples of studies 
which have applied the heuristic method for mass movement risk assessment 
(Ives & Messerli, 1981; Barredo et al., 2000, Van Westen, 2000; Ballifard et 
al., 2003; Ruff & Czurda, 2008; Bijukchhen et al., 2012; Blais-Stevens et al., 
2012;  Kayastha et al., 2012; Soomro et al., 2012).  
 
In Switzerland, the heuristic method has been effective in determining rockfall 
hazards along mountainous roads with high sensitivity to rockfall instability 
by taking into consideration instability factors related to topographic, 
geomorphological, and geological settings where rockfalls might occur 
(Ballifard et al., 2003).  Being a qualitative approach, heuristic methods are 
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limited in that they provide insufficient knowledge about the area of interest, 
leading to unacceptable generalizations and subjectivity in the weighting of 
variables (Barredo et al., 2000; Yilmaz, 2009).  
 
  2.2.3.    Deterministic methods 
Deterministic or physically-based models evaluate landslide instability, using 
physical laws of conservation of mass, energy or momentum (Dias & 
Gunathilake, 2012), and involve the estimation of quantitative values of 
stability variables, known as safety factors, over a defined area (Yilmaz, 
2009).  There are many examples of studies which have applied the 
deterministic method for landslide risk assessment (Terlein & Van Westen, 
1995; Haneberg. 2000; Gomez & Kavzoglu, 2005; Yilmaz, 2009; Chiessi et 
al., 2010; Dahal et al., 2010; Mergili et al., 2011; Iverson, 2014), although this 
remains less popular than the probabilistic methods.  The required data for the 
deterministic method typically include soil strength, depth below the terrain 
surface, soil layer thickness, slope angle and pore water pressure (Yilmaz, 
2009).   
 
The artificial neural networks technique is an example of deterministic 
methods which have been successfully used to create landslide susceptibility 
maps with satisfactory accuracies (Gomez & Kavzoglu, 2005; Yilmaz, 2009; 
García-Rodríguez et al., 2010; Pradhan & Lee, 2010; Xu et al., 2013).  Gomez 
and Kavzoglu (2005) used a DEM and remotely sensed image data to derive 
nine parameters related to landslide phenomenon, and together with a ground-
truthed image, employed an artificial neural network to successfully delineate 
the underlying relationship between the nine parameters related to landslide 
phenomenon.  A comparison of probabilistic and deterministic methods shows 
that the deterministic method produces slightly more accurate results than the 
probabilistic method (Yilmaz, 2009).  However, one of the main drawbacks of 
the deterministic method is the large extent of oversimplification when the 
data for the variables is incomplete, and too expensive (Gomez & Kavzoglu, 
2005).   
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2.3.    Rockfall runout modelling 
Rockfall simulation models are capable of producing reasonably accurate 
predictions of rockfall trajectories and runout zones.  Dorren (2003) 
categorises rockfall runout models into three main groups: (1) empirical 
models, (2) process-based models and (3) GIS-based models.  Currently, a 
large variety of empirical and process-based rockfall models exist. Empirical 
models are usually based on relationships between topographical factors and 
the length of the rockfall runout zone of one or more rockfall events (Shirzadi 
et al., 2012).  Process-based models describe or simulate the modes of motion 
of falling rocks over slope surfaces, thus providing more accurate predictions 
of runout zones (Loye & Jaboyedoff, 2009). GIS-based models offer the latest 
methods for determining rockfall runout zones and consist of three procedures: 
the first identifies the rockfall source areas in the region of interest, the second 
determines the falltrack, and the third calculates the length of the runout zone 
(Shirzadi et al., 2012).  Each of the modelling approaches has strengths and 
weaknesses.  Empirical models provide quick and simple approximations of 
rockfall runout zones, whereas process-based models produce more accurate 
predictions of runout zones (Dorren, 2003: 84).  The integration of process-
based models with a GIS has proven useful in the identification of rockfall 
source areas, the determination of falltracks, and the prediction of rockfall 
runout zones at a regional scale (Dorren & Seijmonsbergen, 2003). 
 
  2.3.1.    Empirical models 
Empirical models, also referred to as statistical models, are defined as the 
relationship between topographic factors and the length of the runout zone for 
one or more rockfall events (Shirzadi et al., 2012).  Statistical models are 
advantageous in that they quickly and effectively allow the determination of 
rockfall hazards over a broad area (Keylock & Domaas, 1999).  The favoured 
statistical model is guided by the data available for the study area.  A process 
based model called the ‘simple dynamics rockfall model’, and three empirical 
models namely; the ‘height function model’, the ‘α-β model’, and the ‘runout 
ratio model’ were tested in a study of rockfall runout which concluded that the 
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‘runout ratio model’ appeared to be the most accurate of the models used 
(Keylock & Domaas, 1999).  Table 2 describes the ‘height function model’, 
the ‘α-β model’, and the ‘runout ratio model’ in further detail.  A considerable 
number of studies have demonstrated the development and application of 
different empirical models for simulating and predicting rockfall (Van Dijke & 
Van Westen, 1990; Guzzetti et al., 2002; Stoffel et al., 2006; Lan et al., 2007; 
Jaboyedoff & Labiouse, 2011; Bell et al., 2013).  
 
Model   Type   Description 
Height 
Function 
Model 
  Empirical   
Assumes that runout distance beyond the foot of 
the talus slope can be derived from the 
combined vertical height of the free rock face 
and the talus slope. 
          
α-β model   Empirical   
Based on the correlation between the average 
energy of an extreme rockfall event, where a 
boulder stops beyond the foot of the talus slope 
and the energy of an average event, where the 
boulder stops at the foot of the talus slope. 
          
Runout ratio 
model 
  Empirical   
Describes the ratio between the horizontal 
length of the runout zone to the combined 
horizontal length of the talus slope and the free 
rock face.   
          
 
Table 2: The three empirical models, as used by Keylock & Domaas (1999). 
 
  2.3.2.    Process-based models 
Process-based models express or simulate the models of motion of rockfall 
over slope surfaces (Dorren, 2003).  The work was pioneered by Kirkby and 
Statham (1975), and Statham (1976), who developed a process-based rockfall 
model for the transport of rock over talus slopes.  This process-based model 
assumed that rocks only slide over a talus slope surface.  A similar process-
based model known as ‘the simple dynamics rockfall model’ scrutinised the 
transport of rock over talus slope surfaces and concluded that it did not appear 
to hold a significant advantage over empirical models (Keylock & Domaas, 
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1999).  Process-based rockfall models share the following three common 
characteristics (Dorren, 2003): 
 
1. Two-dimensional slope-scale models that ignore the lateral movements of 
rockfall.  
2. Rockfall track is defined as a composite of connected straight lines with 
slope angle equal to the measured slope gradient. 
3. Rockfall motions are simulated as a succession of flying phases and 
contact phases. 
 
Table 3 refers to studies which were significant in contributing to the 
development of the process-based rockfall runout model.  Although process-
based rockfall runout models are advantageous for describing and simulating 
the models of motion for falling rocks, they are limited in their ability to 
simulate multiple falling rocks and the complex interactions between them. 
 
2.3.3    GIS-based models 
During more recent times, the development of GIS has allowed for the 
contribution of models that identify the coordinates, velocity, and angular 
velocity for multiple particles in a three dimensional space.  GIS-based models 
can be raster-based (2D) or 3D models where a raster neighbourhood analysis 
using a roaming window is used to calculate fall directions (van Dijke & van 
Westen, 1990; Meissi, 1998; Lan et al., 2007; Loye & Jaboyedoff, 2009; 
Antoniou & Lekkas, 2010; Antoniou, 2013).    RockFall Analyst is an example 
of a GIS extension used in the software package ArcGIS, which uses particle-
based rockfall process modelling and geostatistics-based rockfall raster 
modelling to simulate the 3D trajectory of rockfalls and also interprets the 
spatial distribution of rockfalls (Lan et al., 2007).  Rockfall modelling 
software packages such as Rockfall Analyst are usually proprietary and 
expensive. However, Open Source software alternatives such as GRASS GIS 
for rockfall analysis is freely available and allow users to develop and adapt it 
to suit their purposes (Filipello & Mandrone, 2013).  One of the major 
advantages of a GIS-based rockfall analysis is that it allows for the modelling 
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and analysis of the spatial distribution of rockfalls using multiple parameters, 
which include climate and presence of water on slopes as well as rockfall 
history, and various indices relating to geology, blockiness of rock masses and 
orientation of joints with their weathering condition and roughness (Antoniou, 
2013).  
 
Author(s) Contribution 
Azzoni et al., 1995 
Developed a model based on the coefficient for the 
efficiency of collision. 
Kobiyashi et al., 1990 
Developed a model that simulated the contact 
phases with different characterisations for 
bouncing and rolling. 
Pfeiffer and Bowen, 1989 
Developed a model using both a tangential and 
normal coefficient for the efficiency of collision. 
Evans & Hungr, 1993 
Applied a lumped mass model to three test cases in 
British Columbia. 
Descoudres & Zimmermann, 
1987 
Developed a three-dimensional process based 
rockfall model using a high resolution DEM.   
Lan et al., 2007 
Rockfall Analyst: Raster and 3D rockfall 
modelling to ascertain distribution and trajectories 
in a GIS. 
Filipello & Mandrone, 2013 
Open Source GIS for rockfall analysis. Modules 
examine both the potential failure detection 
(rockfall susceptibility) and the area of potential 
propagation. The study investigate three different 
mechanisms of failure: planar sliding, wedge 
sliding and toppling.  
 
Table 3:  Key contributions in the development of the process based rockfall, 
runout model (adapted from Dorren, 2003). 
 
The ‘fall track model’ was a key contribution towards GIS-based rockfall 
runout modelling which also used an empirical model to calculate the fall 
track of a rockfall source area using a raster-based neighbourhood analysis 
(Meissi, 1998).  This raster-based neighbourhood analysis was developed into 
a module referred to as the “D-16 method”.  The D-16 method used a 5x5 
roaming window allowing for 16 fall directions from a central raster cell to be 
simulated (illustrated in Figure 7).  The fall track model was advantageous for 
calculating the maximum height difference between a central raster cell and its 
16 surrounding cells divided by the distance of the two cells (Dorren, 2003). 
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The increased use of GIS has meant that current research is able to use the 
production of rockfall susceptibility maps as a basic methodological tool 
combined with geomorphic inventories and DEMs (Copons & Vilaplana, 
2008; Melzner et al., 2009; Antoniou & Lekkas, 2010; Chiessi et al., 2010; 
Tanarro & Muñoz, 2012; Antoniou, 2013).  DEM modelling is a powerful tool 
for describing the physical characteristics of a surface including topography 
and its derivatives (e.g., slope, aspect, curvature, etc.), thereby offering the 
ability to delineate the physical rock fall process (Lan et al., 2007).  However,  
the modelling of rockfall behaviour is challenging, and one of the main 
difficulties is that source areas are often not well identified (Agliardi & Crosta, 
2003) and the behaviour of rockfall fragments is very uncertain as most of the 
important parameters required are difficult to measure (Frattini et al., 2008; 
Straub & Schubert, 2008).   However, the issues regarding the difficulties in 
identifying potential rockfall source areas can be addressed with DEM-based 
geomorphometric analysis in combination with geological and topographic 
information in a GIS (Loye et al., 2009). 
 
2.4    Object-oriented landform mapping 
Remote sensing image classification techniques have been used effectively to 
extract extensive mass movement features for comparing to known mass 
movement locations (Park & Chi, 2008; Martha et al., 2010; Pradhan, 2010; 
Stumpf & Kerle, 2011; Martha et al., 2012).  Traditionally, this has been done 
using pixel-based image classification techniques (Borghuis et al., 2007).  
Pixel-based image classification uses the spectral values of pixels (digital 
number or DN) stored in the remotely sensed image’s pixels to categorise 
pixels into classes by considering the spectral similarities within pre-defined 
land cover classes (Casals-Carrasco et al., 2000). Although pixel-based 
techniques are well developed and have sophisticated variations such as soft 
classifiers, sub-pixel classifiers and spectral un-mixing techniques, it is argued 
that they do not make use of the spatial concept (eg. shape and size) (Blaschke 
et al., 2000).  The short-comings of pixel-based landform classifications 
pertain to their limitations in tying the scale analysis to the raster resolution, 
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difficulties in including topological relationships in classification and also in 
developing hierarchies of landforms (Drăguţ & Eisank, 2011: 184).  In 
contrast, object-oriented approaches offer an alternative to traditional pixel-
based classifications as they consider pertinent contributions to scale and 
object representation from remotely sensed imagery (Deng, 2007; Minár & 
Evans, 2008; Hengl & Reuter, 2009).  Change detection for rapid landslide 
mapping in Messina (southern Italy), has demonstrated how object-oriented 
classification is superior in delineating landslides as opposed to pixel-based 
classifications which were found to have fundamental limitations in 
addressing particular landslide characteristics due to their finite spatial extent 
(Lu et al., 2011).   
 
Image segmentation is the most fundamental aspect of OBIA and its worth has 
been demonstrated in a useful review on object ontology, showing the 
limitations of the pixel-based approach in mapping landforms followed by the 
introduction of segmentation of elementary forms as an alternative (Drăguţ & 
Eisank, 2011).  Image segmentation is the process of partitioning a digital 
image into multiple segments, also known as super-pixels or image objects 
(Shapiro & Stockman, 2000), and  has its roots in industrial image processing 
which was not used extensively in Geospatial applications throughout the 
1980s and 1990s (Blaschke et al., 2004).  In OBIA, image segmentation is 
generally seen as a means of simplifying an image into more meaningful 
image objects.  Super-pixels or image objects are created through the process 
of image segmentation, which assigns a label to every pixel in an image, so 
that pixels with the same label share certain visual characteristics, such as 
spectral behaviour, shape and context. Thus, unlike pixel based methods, 
OBIA techniques reach beyond the spectral characteristics of pixels.   
 
One of the reasons for grouping pixels into image objects is to overcome the 
so-called ‘salt-and-pepper effect’ inherent with traditional pixel-based 
techniques (Blaschke et al., 2000).  The information available from image 
objects includes the mean, median, minimum, and maximum value per raster 
band, texture, shape (e.g. length, number of edges), topological features 
(neighbour, super-object) and the close relation between real-world objects 
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and image objects (Benz et al., 2004).  OBIA brings together the spectral 
capabilities of remote sensing and the geo-spatial tools of GIS into one 
desktop environment, allowing for more robust methods for mapping surface 
features (Flanders et al., 2003).   
 
OBIA is well suited for high spatial resolution imagery.  Figure 4 shows the 
relationship between actual ground truthed objects and spatial resolution.  In 
Figure 4, (a) represents a low spatial resolution image, (b) a medium spatial 
resolution image, and (c) a high spatial resolution image.  The low and 
medium spatial resolution imagery in (a) and (b) do not leave much choice 
when the task is to identify, classify and characterise objects.  However, the 
high spatial resolution image in (c) is ideal for OBIA analysis as the pixels are 
significantly smaller than the objects. 
 
Much of the work on OBIA in remote sensing originated around the software 
known as “eCognition”.  eCognition previously known as Definiens, is a 
powerful software development environment for object-based image 
analysis which is commonly used in earth sciences to develop rule sets  for 
the automatic analysis of remote sensing data (Blaschke, 2010).  DEMs, 
thematic layers such as geomorphological inventory maps, and medium and 
high-resolution optical aerial and satellite imagery, have been well integrated 
in studies using OBIA to extract mass movements (Barlow et al., 2003; Martin 
& Franklin., 2005; Barlow et al., 2006; Martha et al., 2010; Lu et al., 2011).  
Studies which have utilised OBIA techniques for mapping geomorphological 
landforms, and mass movements, are further described. 
One of the major benefits of an OBIA is the ability to semi-automate the 
extraction of landforms and terrain units from optical aerial and satellite 
imagery.  OBIA semi-automated approaches have proven valuable at detecting 
and classifying landslides rapidly to aid in risk analysis, disaster management 
and decision making processes in the aftermath of a landslide event (Martin & 
Franklin, 2005).  Barlow et al. (2006) were the first to further the development 
of a successful OBIA approach using high-spatial resolution SPOT-5 satellite  
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Figure 4:  Relationships between objects under consideration and spatial 
resolution: (a) Low spatial resolution image: the image pixels are significantly 
larger than the ground truthed objects; sub pixel techniques are appropriate; 
(b) Medium spatial resolution image: image pixels and ground truth objects of 
the same order, pixel-based techniques are appropriate; (c) high spatial 
resolution image:  the pixels are significantly smaller than the ground truth 
objects, OBIA would be ideal (adapted from Blaschke, 2010). 
 
imagery, and geomorphic variables derived from a DEM to automatically 
detect landslide hazards.  Expert-driven multilevel OBIA has been effective at 
semi-automating the delineation of geomorphological units in mountainous 
forested ecosystems (Figure 5) (Van Asselen & Seijmonsbergen, 2006).  
Multi-temporal object based segmentation of high-spatial resolution remote 
sensing data has proven highly effective at predicting 83% of actual landslide 
occurrences in Korea (Park & Chi, 2008).  A similar study conducted by 
Schneevoigt et al. (2008), investigated the suitability of remote sensing for 
detecting rock and sediment storage areas in the Reintal subcatchment, east of 
Zugspitze (Germany) using a multi-scale OBIA comprising four differently 
scaled segmentation levels. Their results show that classification of 
geomorphological units using OBIA constitutes a promising scientific 
approach, especially with regards to the enhanced spatial and spectral 
resolution of modern satellite systems (Figure 6).  In the Himalayas, OBIA 
intergrated with spectral, spatial and morphometric features was able to 
   
a b c 
 
 
 
 
 
 
 
  Ground truth objects Pixel Legend: 
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recognise and classify five different types of landslides on difficult terrain 
with an overall success rate of 70% (Martha et al., 2010).  A similar study in 
Messina (southern Italy) went a step further, constructing an event-related 
landslide inventory by applying OBIA to automatically detect and classify 
landslides from high-spatial resolution optical satellite imagery acquired prior 
to and after landslide events (Lu et al., 2011). 
 
One of the main objectives of this MSc study is to develop an OBIA 
methodology similar to the ones described in the literature for extracting 
landslides and landforms.  Ground-truthed rockfall measurements taken in the 
field were used in this study as an input for defining the thresholds for the 
OBIA’s segmentation and classification, adopting a similar approach used for 
extracting landslide areas (Martha et al., 2010).  The ground-truthed rockfall 
measurements were also used to examine whether or not rockfall 
characteristics can be modelled with TEGP using linear regression modelling, 
and for validating the results of the OBIA.  Univariate and bivariate statistical 
techniques discussed in the literature are applied in this study to describe the 
spatial distribution of the rockfalls extracted from the OBIA in conjunction 
with various environmental variables.  The spatial patterns of rockfalls in the 
study area are analysed using average nearest neighbour statistics.  One of the 
initially intended goals of this study was to examine rockfall probability using 
multivariate statistics as discussed in the literature.  However, rockfall 
probability was not examined in this study in the interest of keeping to the 
original MSc level scope the study, which is to better understand the rockfalls 
of the GGHNP.  The results of this study could, however, feed into further 
studies examining rockfall probability in the GGHNP. 
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Figure 5:  Classification results, showing 20 landform classes and in blue the lake of Vordere Gumpe (from Schneevoigt et al., 2008). 
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Figure 6:  LIDAR slope map, geomorphological map, and classification results of levels 1, 2 and 3, draped over the LIDAR 
DTM representing part of the study area (from Asselen and Seijmonsbergen, 2006).  Levels refer to the segmentation levels used 
in the OBIA.
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Figure 7:  The D-16 method.  A 5x5 roaming window allowing for 16 fall directions from a central raster cell to be simulated 
(adapted from Dorren, 2003). 
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Chapter 3 - Environmental Setting of the GGHNP 
 
3.1.    Geographic setting of the study area 
GGHNP is located in the north-eastern Free-State province of South Africa, in 
the foothills of the Maluti Mountains (28°27’S – 28°37’S and 28°33’E – 
28°42’E), between the towns of Clarens and Phutadithaba (Figure 8).  The 
park consists of a number of former farms, the first of which (Glen Reenen, 
Wodehouse and Melsetter) were proclaimed for conservation on the 13
th
 
September 1963 (1,792 ha). In 1981, Noord Brabant farm was added, 
contributing a substantial 6,241 ha to the park (SANPARKS, 2012).  Between 
1988 and 1989, an additional 8 farms were added, thus extending the park’s 
boundaries to the QwaQwa National Park and Lesotho, and expanding the 
park to 11,630ha.   On the 21
st
 November 2008, the QwaQwa National park 
was included to the GGHNP, further increasing the park to its current size of 
32,690ha (SANPARKS, 2012).  The GGHNP lies between 1,892 m and 2,829 
m above sea level, the highest point being Ribbokkop (2,829 m) (Grab et al., 
2011).   
 
3.2.    Climate  
The GGHNP is situated in the summer-rainfall region, characterised by 
summer rainfall, temperate summers and cold winters with frost and 
occasional snow on the peaks.  Summer temperatures have a mean range of 
13°C to 26°C, and winters between 1°C to 15°C (Cooks & Pretorius, 1987).  
Maximum daily temperatures average 27°C in summer, but daily minimum 
temperatures average −2°C during the coldest winter months (Norstrom et al., 
2009).  Frost is usually widespread during the winter months with snow 
occasionally falling on the higher peaks in the park (Grab et al., 2011). The 
region is dry sub-humid and receives ~700 mm per annum, primarily in 
summer. Precipitation may be highly variable, with amounts of up to 1400 mm 
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per annum just 80 Km to the west (Norstrom et al., 2009).  Most precipitation 
in the GGHNP falls between November and April (Groenewald, 1986).  
 
3.3.    Vegetation 
The vegetation in the GGHNP falls within the Drakensberg Grassland 
Bioregion and Mesic Highland Grassland Bioregion (Mucina & Rutherford, 
2006).  The valleys of the park are characterised by grasslands, herbs and only 
occasional trees and shrubs (Telfer et al., 2012).  The five vegetation types 
typically recognised are the Eastern Free State Sandy Grassland, Basotho 
Montane Shrubland, Northern Drakensberg Highlands Grassland, 
Drakensberg-Amathole Afromontane Fynbos, and Lesotho Highland Basalt 
(Mucina & Rutherford, 2006).  Shrubland vegetation is concentrated on 
sandstone of the Clarens Formation, in gullies, on scree slopes, mobile boulder 
beds, and on rocky ridges (Brand et al., 2010).   The montane grassland 
species (e.g. Bromus, Festuca, and Danthonia) stabilise the steep slopes of the 
upper catchments in the park against erosion.  However, the sandstone 
formations have characteristically shallower sandy soils with less vegetation, 
thus making them more prone to erosion (Roberts, 1969).  
 
3.4.    Geological setting 
The park is well known for its geological heritage.  The geology of the park is 
underlain by stratigraphic units belonging to the upper part of the Karoo 
sequence, which includes part of the Beaufort group, and the Molteno, Elliot, 
Clarens and Drakensberg Formations (Groenewald, 1986).  The geology 
consists of four sedimentary formations (Tarkastad, Molteno, Elliot, and 
Clarens formations) and one igneous formation (Drakensberg formation) that 
dates back to 195-210 million years ago.  The rockfall mapping effort for this 
study focuses on sandstone, siltstone and mudstone formations in the park.  
These formations include the Clarens, Elliot and Molteno Formations which 
collectively form the Stormberg Group.  Table 4 summarises the stratigraphic 
units of the Stormberg Group.  The GGHNP geology was first mapped by Van 
Eeden (1937), followed by Visser & van Riet Lowe (1956) and Spies (1969).   
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Figure 8:  Geographic location and extent of the GGHNP. 
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Eriksson (1983) postulated the possible paleoenvironment of the Drakensberg 
and north-eastern Free State by studying the Clarens, Elliot and Molteno 
sandstone Formations, whilst the first sedimentalogical investigations of this 
formation were carried out by Beukes (1969, 1970).   
 
The Clarens Formation overlies the Elliot Formation, which has an upper 
contact with the Molteno Formation.  These sandstone formations are believed 
to have been deposited ca. 228 to 200 million years ago during the late 
Triassic Epoch (Groenewald, 1986).  Deposition of the Clarens, Elliot and 
Molteno Formation indicates changing paleoenvironmental conditions from 
dominantly fluvial (Molteno Formation) to increasingly aeolian (Clarens 
Formation) (Eriksson 1984; Groenewald, 1986; Bordy et al., 2004).  The ever-
changing landscape of the GGHNP is believed to have undergone its greatest 
change during the Quaternary period when there were cold climatic processes 
and associated changes in vegetation (Henderson, et al, 2006).  The GGHNP is 
situated on the watershed between the Vaal and Orange River systems forming 
part of the Maluti Drakensberg Catchment Complex.  Thirty percent of the 
total water supply in southern Africa is derived from this catchment 
(GGHPMP, 2012). 
 
Formation Period Sequence Group Lithology Origin 
Drakensberg 
Jurassic 
K
ar
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o
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Basalt Volcanic 
Clarens 
T
ri
as
si
c 
Sandstone Aeolian 
Elliot Mudstone, Siltstone 
F
lu
v
ia
l 
Molteno Sandstone, Mudstone 
            
 
Table 4:  Summary of the geological stratigraphic units of the Clarens, Elliot 
and Molteno Formations (modified after Groenewald, 1986). 
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3.4.1.    Drakensberg Formation 
A prominent formation in the GGHNP is the Drakensberg basalt formation, an 
igneous formation which dates back 195-210 million years (Groenewald, 
1986).  This Formation is characterised by numerous superimposed outflows 
of basaltic lava which over the course of time have led to the higher mountains 
visible in the GGHNP (Groenewald, 1986) and the Lesotho Mountains 
(Boelhouwers & Meiklejohn, 2002).  These basaltic rocks are very dark in 
colour, fine to coarse crystalline, and contain mineral-filled amygdales of 
various sizes and shapes (Visser & van Riet Lowe, 1956; Groenewald, 1986). 
 
3.4.2.    Clarens Formation 
The Clarens Formation is made up of fine to very fine-grained light yellow-
brown sandstone, which is generally uniform and consists of mainly angular to 
sub-rounded quartz and a few feldspar grains (Groenewald, 1986: 174).  The 
Clarens Formation is very visible in the park and is considered the primary 
geological attraction in the park (Grab et al., 2011).  This sandstone Formation 
forms the characteristic cliffs seen at the GGHNP and is typically between 115 
m to 195 m in thickness (Eriksson, 1981).  The park management has 
developed hiking trails accessible from the accommodation sites which extend 
along large cliff overhangs and outcrops of this formation.   
The impressive overhangs are a product of sandstone weathering.  One such 
weathering process is exudation or salt weathering, the process whereby rock 
surfaces are scaled off due to the growth of salt crystals by capillary action 
(Groenewald, 1986: 175).  Undercutting of the formation is believed to be 
responsible for the formation of rock overhangs (‘caves’).  The red or orange 
hollow marks on the surface of the Formation are apparently due to the 
oxidation of pyrite (Eriksson, 1983).   
The earliest postulations suggested that the Clarens Formation was laid down 
by aeolian processes (Du Toit, 1981).  Investigations of the Clarens 
sedimentary sequence suggested the Formation may be the product of a semi-
arid to arid paleoclimate characterised by an aeolian (wind-blown) aqueous 
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desert where dune deposition occurred (Beukes, 1970; Bigarella & van Eden, 
1970; Eriksson, 1979, 1983).  The fossil assemblage of the Clarens Formation 
also supports the hypothesis of a semi-arid to arid paleoenvironment (Jubb, 
1973; Kitching, 1977).  Groenewald (1986) places the deposition of the 
Formation somewhere in the late Triassic Epoch. 
 
3.4.3.    Elliot Formation 
The Elliot Formation consists of red mudstone and siltstone with subordinate 
red and light yellow medium- to fine-grained sandstone beds (Groenewald, 
1986:  171), usually from ca. 28 m to over 150 m in thickness (Eriksson, 
1985).  The characteristic red colour of the Elliot Formation is due to the 
oxidation of mudstones and siltstones after they were deposited.  The Elliot 
formation breaks down easily with mudstones and siltstones weathering 
rapidly to a poor soil which forms the negative slopes on the mountain sides 
(Groenewald, 1986).  This formation is well known in the GGHNP for its 
vertebrate fossil remains (Kitching, 1979; Kitching & Raath, 1984; Reisz et al, 
2005).   
Early scientific work suggests that the Elliot Formation was laid down by 
predominantly fluvial processes in a semi-arid climate which gradually 
became more arid (Botha, 1968; le Roux, 1974), which is supported by the 
fossil fauna records (Eriksson, 1983).  The presence of fining-upward cycles, 
trough cross-bedded sandstone and red mudstones are believed to be indicators 
of fluvial deposition (Groenewald, 1986).  The Elliot Formation is rich in 
dinosaur fossils and these include the discovery of a cluster of six dinosaur 
eggs with embryonic preservation at the bottom half of five of these eggs 
(Reisz et al., 2005).   
 
3.4.4.    Molteno Formation 
The light-coloured Molteno Formation consists mainly of medium- to coarse 
grained slightly feldspathic sandstone (Groenewald, 1986: 170) and varies in 
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thickness from less than 10 m to over 100 m (Erikson, 1984).  This formation 
crops out in the north and north-eastern parts of the GGHNP. 
The Molteno Formation is understood to originate from deposition associated 
with a braided river deposit.  Sedimentological studies ascribe it to shallow 
water deposition (Rust, 1962), as it consists of mainly thick beds of cross-
bedded sandstone with very little interlayered mudstone in the upward-fining 
cycles (Groenewald, 1986).  This Formation is postulated to have been 
deposited by low sinuosity fluvial processes in which a cool, humid 
paleoclimate would have prevailed (Eriksson, 1983). 
 
  3.5.    Geomorphology 
The GGHNP is renowned for its impressive sandstone formations belonging to 
the Drakensberg World Heritage region. A variety of sandstone 
geomorphological phenomena have been documented through the use of 
geomorphological maps, highlighting prominent and interesting micro- and 
macro-scale sandstone landforms for portions of the GGHNP, and placed in a 
global context with other sandstone geomorphological landforms (Grab et al., 
2011).   
The GGHNP, which is nestled in the Drakensberg-Maluti mountains, falls 
within the ‘African Surface’ of Partridge and Maud (1987).  Lester King’s 
model first hypothesised that the dramatic basalt-capped section of the Great 
Escarpment forming the Drakensberg-Maluti mountainland is the product of 
multiple erosion cycles, arguing that scarp retreat is the dominant control in 
the planation of successive land surfaces and that episodic continental uplift 
provided the mechanism for initiating new erosion cycles (King 1955; King 
1963; King 1972).  Similar studies presented findings which endorsed King’s 
model (Ollier & Marker, 1985; Partridge & Maud, 1987).  However, more 
recent studies have criticised King’s model based on findings which suggest 
that  the evolution of the Drakensberg escarpment was controlled primarily by 
a pre-existing drainage divide, inland of the coastal margin, which formed as a 
result of continental break-up, rather than by scarp retreat (Fleming et al., 
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1999; van der Beek et al., 2002).  The Drakensberg basalts cap the Clarens 
Formation sandstone to form the highly resilient scarps observed in the 
Drakensberg-Maluti Mountains.  The presence of massive basalt and Clarens 
Formation sandstone boulders on the scree slopes below the cliffs formed by 
the resilient Basalt-Clarens Formation scarps suggests that the Basalt-Clarens 
Formation scarps in the Drakensberg-Maluti region are above all lithologically 
controlled and that the development of the Drakensberg section of the Great 
Escarpment, and slow Cenozoic rates of retreat, are primarily linked to the 
armouring effect of the resistant capping formed by massive lava flows, and 
underlying massive Clarens Formation sandstones (Moore & Blenkinsop, 
2006: 604). 
The Clarens Formation possesses particularly interesting tafoni landforms 
(Figure 9).  Tafoni are large cavernous landforms which through weathering 
have developed overhangs, arch-shaped entrances, and concave inner walls 
(Mellor et al., 1997).  Weathering and erosion of the structurally weaker lower 
sections of the Clarens Formation create overhanging shelters or ‘caves’ (see 
Figure 9) within which numerous examples of San rock art (see Figure 10) are 
found (Sumner et al., 2009).  Despite the presence of good strategies and 
initiatives in the GGHNP management plan, it has been noted that there are 
areas of concern that may compromise the conservation of heritage resources 
such as the San rock art paintings in the park, even though the park was 
proclaimed to conserve them (Taru et al., 2013).  Recent studies analysing a 
selection of mega-tafoni features in the park, which have formed huge 
overhangs in the Clarens Formation sandstone, have shed new light on the 
complex interactions between case hardening and internal moisture regimes 
(Mol & Viles, 2012; Mol, 2013).  Tafoni features commonly develop in 
sandstone, however, their development through time is contentious.  Case 
hardening refers to the development of a surface crust on sandstone which 
makes them more resistant to weathering (Dorn, 2004).  Case hardening has 
been observed to play a significant role in the internal moisture regime of the 
Clarens sandstone and that in its absence, evaporation from the surface of the 
sandstone increases, leading to a weakening of the sub-surface, and in turn an 
increase in the weathering of sandstone material (Mol & Viles, 2012).  A 
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follow-up study confirmed a direct relationship between rock hardness and 
moisture regimes, adding further detail such as temperature to ultimately show 
the importance of annual variation in moisture regimes as a driver of Clarens 
sandstone deterioration (Mol, 2013).   
 
Figure 9:  An example of tafoni at Glen Reenen camp. 
 
A number of studies in the GGHNP have examined biogenic weathering 
(Wessels & Schoeman, 1988; Wessels & Wessels, 1991; Wessels & Büdel, 
1995; Wessels et al., 1995; Büdel et al., 2004).  For instance, some studies 
have been able to show that depressions on the rock surfaces may form due to 
the combined actions of chemical weathering and expansion of hyphae into 
the rock surface (Wessels & Schoemann, 1988; Wessels et al., 1995; 
McKechnie et al., 2007).  The importance of microbial communities growing 
on the rock surface cannot be overlooked, and contribute to the stability of the 
rock surface for friable sandstones by cementation (Mellor et al., 1997; Kurtz 
& Netoff, 2001).    Microbial communities on Clarens Formation sandstone 
contribute considerably to case hardening by helping to cement the rock 
Rockfalls 
Tafoni 
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surface and in turn influencing the interactions between surface hardness and 
internal moisture (Mol & Viles, 2012).   
 
The recent discovery of an 11 m sand ramp deposit in the GGHNP has shown 
the potential for using geomorphic deposits as a proxy to better understand the 
past paleoenvironment of the region (Telfer et al., 2012).  Significant Last 
Glacial Maximum (LGM) and late glacial pollen sequences in Braamhoek 
have revealed Late Quaternary vegetation shifts in the eastern part of central 
southern Africa (Norstrom et al., 2009).  However, the accumulation of sand 
ramps in the GGHNP during the LGM (dated at 45 to 16 ka using Optically-
stimulated luminescence) bares testament to former aeolian conditions 
consistent with a periglacial environment (Telfer et al., 2012).   
 
 
Figure 10:  Rockart at Glen Reenen camp, GGHNP. 
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Chapter 4 - Methodology 
 
4.1.    Introduction 
A variety of sandstone geomorphological landforms have been described and 
mapped in the GGHNP, however rockfalls in the GGHNP remain unmapped 
and un-characterised (Grab et al., 2011).  The methodological approach 
adopted for mapping rockfalls in the GGHNP is shown in Figure 11.  The first 
part of the approach involves the creation of environmental variables which 
describe the GGHNP, through the manipulation of remotely sensed datasets.  
Rockfalls were physically measured and ground-truthed with a Differential 
Global Positioning System (DGPS) in order to establish parameters for 
characterising rockfalls using remote sensing and GIS techniques.  The 
ground-truthed samples were restricted to the three sandstone formations 
responsible for rockfall deposition in the GGHNP, namely the Clarens, Elliot, 
and Molteno Formation (Fm.) sandstones.  An Object Based Image Analysis 
(OBIA) was chosen for classifying rockfalls in the GGHNP, as unlike 
traditional pixel-based approaches, OBIA groups pixels into segments 
according to their spectral similarity and other criteria such as shape, area, and 
position (Schoffer et al., 2010).  The ground-truthed data were not only used 
as an input for characterising rockfalls, but also for validating rockfalls 
mapped with an OBIA.  The centroids for the OBIA were then determined and 
analysed in combination with environmental variables.  This permitted the 
spatial and macro-morphological analyses of rockfalls in the GGHNP. 
 
4.2.    Data Sources 
4.2.1.    Aerial imagery 
The core remote sensing interpretation of this study was conducted with 0.5 m 
spatial resolution colour aerial imagery.  The aerial imagery was provided by 
Chief Directorate:  National Geo-spatial Information (CD: NGI).  CD: NGI 
has the largest and most extensive archive of aerial photography and imagery 
dating back to 1926 with numerous national coverages, and are responsible for 
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Figure 11:  Methodology for mapping and characterising rockfalls in the 
GGHNP.  
land surveys and the provision of a spatial data infrastructure.  The aerial 
imagery has evolved significantly over time, and, since 2008, all imagery is 
acquired with high resolution digital sensors in both colour (RGB) and CIR 
(colour infra-red).  The 2009 colour aerial imagery was captured using 
Intergraph’s DMC II camera technology.  The aerial imagery is delivered fully 
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orthorectified from NGI, thus no geometric image correction was necessary.  
NGI, thus no geometric image correction was necessary.   
 
The 0.5 m aerial imagery delivered by CD: NGI, previously Chief Directorate: 
Surveys and Mapping (CDSM)) is packaged as 1:10,000 scale tiles.  A total of 
23 tiles were acquired for full coverage of the GGHNP.  In order to optimise 
the OBIA approach, the aerial imagery was mosaicked in the software package 
“PCI Geomatica 10”.  PCI Geomatica 10 was chosen, as its award winning 
algorithms preserve the spectral integrity of the image during mosaicking.  
The mosaicked aerial imagery was then clipped with the boundary of the 
GGHNP so that rockfalls located outside of the GGHNP would be excluded 
from the OBIA (Figure12).  A major source of error (inaccuracies) in the 
planimetric position of objects in an orthorectified image lies with the 
accuracy of the DEM.  However, the DEM is necessary for converting from a 
central projection to an orthogonal projection. (Department: Rural 
Development and Land Reform, 2009A).  The CD: NGI used a 20 m DEM 
derived from 20 m contour data to orthorectify the digital aerial imagery and 
found that such DEM’s posses a bias of 10.5 m (Department: Rural 
Development and Land Reform, 2009B).  Digital aerial imagery orthorectified 
with a 10.5 m DEM bias was determined to result in an accuracy range of 1 to 
11 m from vectorised 20 m contours (Department: Rural Development and 
Land Reform, 2009A). 
4.2.2.    Digital Elevation Model (DEM) 
The 20 m DEM for the study was provided by SANSA Earth Observation 
directorate.  The 20 m spatial resolution DEM is a Digital Terrain Model 
(DTM) which was compiled by ComputaMaps.  The terrain model was 
interpolated (bilinear) from digitised map data captured from 1:50,000 scale 
topographic maps supplied by CD: NGI.  The 20 m contours and spot heights 
digitised off of the 1:50,000 topographic maps were originally captured in the 
field by surveyors using a Geodesy survey instrument.  As such, the vertical 
and horizontal plainimetric accuracy of the DEM is related to the accuracy of 
the surveyed contours and spot heights.  The DEM was visually inspected for 
artefacts and errors by producing a hillshade raster of the DEM using the 
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HILLSHADE function in ArGIS 10 Spatial Analyst Surface tools.  Artefacts 
or errors are more easily identifiable from a hillshade of the DEM than the 
original DEM raster (Hayakawa et al., 2008).  No artefacts or errors were 
observed in the hillshade raster.  Although the DEM and aerial imagery differ 
by a factor of 10, the 20 m DEM was deemed the most suitable for the study 
area to date; no higher spatial resolution DEMs exist for the GGHNP.  Other 
available DEM options which currently exist are the freely available ASTER 
GDEM and SRTM DEM.  ASTER GDEM is a global DEM based on ASTER 
satellite imagery offering a spatial resolution of 30 m or horizontal resolution 
of 1 arc second.  SRTM (Shuttle Radar Topography Mission) DEM is a 30 m 
DEM resampled to 90 m for areas outside North America that was created by 
NASA using the mean difference between laser heights and Synthetic 
Aperture Radar (SAR) heights.  Statistical analysis measuring the accuracy of 
GDEM against LiDAR data has found GDEM’s 30 m resolution to be over-
optimistic and not more detailed and accurate than 90 m SRTM DEM (Hengl 
& Reuter, 2011).  Subsequently, GDEM has been found to be unsuitable for 
terrain analysis at 30 m spatial resolution (Reuter et al., 2009).  However a 
study comparing ASTER GDEM and SRTM-3 has found terrain 
representation by GDEM to be superior to that of SRTM-3 for most landform 
elements, including hilly lowlands and steep mountains (Hayakawa et al., 
2008).  The interpolated 20 m DEM produced from 1:50,000 contour and spot 
height data was chosen as it firstly offers a higher horizontal and vertical 
spatial resolution than ASTER GDEM and SRTM DEM, and represents 
survey quality measurements which the CD: NGI are mandated with providing 
for the whole of South Africa (LAND SURVEY ACT 8 OF 1997 and 
SPATIAL DATA INFRASTRUCTURE ACT 54 OF 2003).   
 
The creation of DEM’s from digital photogrammetrically derived data (i.e. 
contours) can possess error which is typically inherent with interpolation (the 
filling of gaps) (Höhle & Höhle, 2009).  In order to assess the vertical 
accuracy of the 20 m DEM with accurate reference values, statistical measures 
like the Root Mean Square Error (RMSE), mean error and the standard 
deviation could be used.  The vertical accuracy of the 20 m DEM was 
calculated using the RMSE as the RMSE has been shown to be a good 
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measure of the differences between predicted values and the actual values 
observed values (Aguilar et al., 2005).  Spot heights were acquired from CD: 
NGI for the study area.  The Spot heights represent actual ground truthed 
heights which were digitised off 1:50,000 topographic maps.  A total of 183 
spot heights covering the study area were used for the vertical accuracy 
assessment of the 20 m DEM (Figure 13).  The equation for the RMSE is 
defined as: 
       
 
  
        
 
 
   
 
Where P is the predicted value, A the actual value and n the number of 
expected values.  The RMSE was calculated for the spot heights layer using 
the RASTER CALCULATOR tool in ArcGIS.  A total of 183 spot height 
values were substituted as the actual values (A) and 183 predicted values (P) 
were derived by extracting the interpolated DEM pixel values to a separate 
field in the spot heights layer using the GIS function EXTRACT VALUES TO 
POINTS.  The RMSE formula was determined in a separate field using 
RASTER CALCULATOR.  The sum of the final RMSE for 183 observed 
points was 1.23 m.   
 
The bias with using this method for assessing the vertical accuracy of the 20 m 
DEM using spot heights is if the spot heights were also considered in the 
bilinear interpolation process used to create the DEM, in which case the 
validation dataset would not be independent of the interpolation model.  The 
consequence would be that the RMSE’s reported would be higher than their 
true value.  The 20 m DEM was reclassed to an altitude thematic layer with 
the following thematic classes (Figure 13): 
 
                        1600 – 1800 m a.s.l 
                        1800 – 2000 m a.s.l 
                        2000 – 2200 m a.s.l 
                        2200 – 2400 m a.s.l 
                        2400 – 2600 m a.s.l 
                        2600 – 2800 m a.s.l 
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Figure 12:  Mosaicked 0.5 m aerial imagery for the GGHNP.
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Figure 13:  Altitude thematic layer for the GGHNP.
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4.2.3.    Geological data 
Geological data describing the lithology of the GGHNP were provided by the 
Council for Geosciences at a 1: 250,000 scale, in vector form.  The geological 
vector layer was clipped to the boundary of the GGHNP (Figure 14).  
 
4.2.4.      Infrastructure 
All infrastructures within the GGHNP, such as building structures and 
tarred/dirt roads were digitised to polygon features using the 0.5 m spatial 
resolution mosaicked aerial imagery (Figure15). 
 
4.3.    Defining the remote sensing and environmental variables 
The environmental variables refer to the input independent variables which the 
dependent variables (rockfalls) are analysed alongside.  Environmental 
variables can be derived through a number of sources, as has been shown by 
previous mass movement studies (Yin & Yan, 1988; Carrara et al., 1991, 
2003; Guzzetti et al., 1999, 2005; Santacana et al., 2003; Ayalew et al., 2004; 
Liu et al., 2004; Singh et al., 2005; Vijith et al., 2009; Hardwick, 2012; Catani 
et al., 2013).  In this study, six environmental variables were identified for 
analysis with the dependent variables or rockfalls.  They include the 
topographic variables: altitude, slope aspect, slope gradient, slope unit and 
distance to the Clarens/Molteno Fm. sandstones (lithology) and drainage lines.  
The environmental variables were derived through various surface models 
applied using the 20 m DEM.  Thematic layers of the environmental variables 
were reclassed into specific thematic classes.  In addition to this, total 
curvature, plan, profile, Topographic Position Index (TPI), and Topographic 
Roughness Index (TRI) rasters were created for other purposes such as 
filtering out misclassification, and for input as TEGP for characterising 
rockfalls using multiple linear regression modelling. 
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Figure 14:  1:250,000 geological vector layer for the GGHNP. 
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Figure 15:  Digitised roads, dirt roads and built-up areas in the GGHNP. 
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Elevation models can be used to generate surface models such as slope, aspect, 
curvature, plan, profile, and roughness.  DEM derivatives provide important 
topographic variables which characterise the environment of the study area.  
Aspect and slope rasters created from DEMs themselves are used to model 
important surface topography, critical to calculating the rockfall process and 
its physical characteristics (Lan et al., 2007).  The ArcGIS Spatial Analyst 
extension and QGIS’s raster based terrain analysis tool were used to produce 
the DEM derivatives.  The DEM is used as the primary input in these tools.   
The advantage of DEM derivatives is that one can derive patterns that were 
not readily apparent in the original DEM, such as contours, slope gradient, 
steepest downslope direction (aspect), shaded relief (hillshade), and viewshed.  
The DEM derivatives for this study were derived to create environmental 
variables for inputs in the analysis of rockfall characteristics with TEGP, the 
analysis of the spatial pattern of rockfall points, and the frequency distribution 
of rockfall points in relation to thematic classes defined with the 
environmental variables.  The DEM derivatives are described in further detail. 
   
4.3.1.    Slope  
Figure 16 shows the reclassified slope raster for the GGHNP, derived using 
the 20 m DEM.  Slope refers to the slope gradient, or rate of maximum change 
in the z-value from each cell of a raster surface, and the range of values for a 
slope output is typically reported in degrees (ESRI, 2011).  For degrees, the 
range of slope values is 0 to 90.  Slope was derived in ArcMap using Spatial 
Analyst’s surface tools.  The slope thematic layer was then reclassified into 
the following thematic classes: 
 
   0° – 8° =   Flat to near flat surfaces 
   8° – 18° =   Gentle slope 
   18° – 29° =   Steep slope 
   29° – 62° =   Very steep slope 
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Figure 16:  Reclassed slope thematic layer for the GGHNP derived using the 20 m DEM.
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4.3.2.    Slope aspect  
Figure 17 shows the aspect raster for the GGHNP.  Aspect or slope direction, 
derived from a DEM, identifies the downslope direction of the maximum rate 
of change in value from each raster cell to its neighbours (ESRI, 2011).  The 
cell values for the aspect derivative are expressed in positive degrees from 0 to 
359.9, measured clockwise from north.  Slope aspect was derived in ArcMap 
using Spatial Analyst’s surface tools.  The slope aspect thematic layer was 
reclassified into the following thematic classes: 
 
   Flat  = -1° 
North = 0° – 22.5° 
North-east = 22.5 – 67.5° 
East = 67.5 – 112.5° 
South-east = 112.5 – 157.5° 
South = 157.5 – 202.5° 
South-west = 202.5 – 247.5° 
West = 247.5 – 292.5° 
North-west = 292.5 – 337.5° 
North = 337.5 - 360° 
4.3.3.    Curvature, profile, and plan (ESRI, 2011) 
Curvature is calculated from the second derivative of the surface or slope-of-
the-slope.  Profile and plan curvatures are optional outputs of curvature which 
were calculated using Spatial Analyst’s curvature tool. This is determined on a 
cell by cell basis and a fourth-order polynomial is fit to a surface composed of 
a 3x3 pixel moving window.  Profile curvature is in the direction of the 
maximum slope, and plan curvature is perpendicular to the direction of the 
maximum slope.  Positive curvature indicates that the surface is upwardly 
convex at that cell, and negative curvature indicates that the surface is 
upwardly concave at that cell.  A zero curvature value indicates that the 
surface is flat.  A negative profile curvature value indicates that the surface is 
upwardly convex at that cell, and a positive profile curvature value indicates 
that the surface is upwardly concave at that cell.   
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Figure 17:  Slope aspect thematic layer of the GGHNP derived from the 20 m DEM. 
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A zero profile curvature value indicates that the surface is flat.  For plan 
curvature, a positive value indicates the surface is upwardly convex at that 
cell, and a negative value indicates that the surface is upwardly concave at that 
cell.  A zero plan curvature value indicates the surface is flat.  Curvature, and 
plan and profile curvature, is reported in units that are one hundredth of an 
elevation unit.  Moderate relief values vary from -0.5 to 0.5, while extreme 
relief can vary between – 4 and 4.  Curvature, profile, and plan were derived in 
ArcMap using Spatial Analyst’s surface tools.   
 
4.3.4.    Slope units 
Figure 20 shows the composite raster of the four GGHNP slope units created 
using profile and plan rasters.  Slope units refer to the Hypothetical Nine-Unit 
Land-Surface Model, which is used to show how mass movement types could 
be classified according to their occurrence on slope forms, with particular 
combinations of vertical (profile curvature) and lateral (plan curvature) 
curvatures (Dalrymple et al., 1968).  Ayalew & Yamagishi (2004) adopted a 
similar approach to show how rockfalls occur on concave-planar slopes in the 
Blue Nile Basin. To better understand how slope form affects mass movement 
distribution, the plan and profile curvature rasters were multiplied to produce 
nine layers (Figure 18) that matched the nine landforms identified by Ayalew 
& Yamagishi (2004).   
 
Slope units are useful for representing landscapes which are widely described 
as convex, concave, or planar surfaces.  Regional investigations of landforms 
on landscapes are usually limited to describing the outline of the topography in 
2D.  Slope units developed from the hypothetical landscape model, offer the 
ability to analyse topography in 3D.  For instance, Dikau (1989) demonstrated 
this by classifying landform elements by plan and profile curvature to define 
basic relief units in 3D for soil mapping purposes.   
 
Figure 19 shows the raster calculations used in ArcMap to derive the slope 
units associated with rockfalls in the GGHNP; namely sloping recessing hills 
which have a concave lateral profile and convex vertical profile (concave–
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convex or CCx), sloping closed basins which have a concave lateral and 
vertical profile (concave-concave or CC), sloping inflated hills which have a 
convex lateral and vertical profile (convex-convex or CxCx), and sloping 
protuberant basins which have a convex lateral profile and concave vertical 
profile (convex-concave or CxC).  
 
The four slope units were combined to create a composite of the four 
landscape units present in the GGHNP (Figure 20).  The RECLASSIFY tool 
was used to create binary rasters according to profile/plan curvature greater 
than zero, less than zero and equal to zero.  A surface with profile and plan 
equal to 0 is the same as a flat slope unit. Combinations of positive and 
negative profile/plan rasters were multiplied using RASTER CALCULATOR 
to produce the different slope units. 
 
4.3.5.    Topographic ruggedness index (TRI) 
Figure 21 shows the TRI raster created for the GGHNP using the 20 m DEM.  
The TRI is defined as the mean between a central cell and its surrounding cells 
(Wilson et al., 2007).   Riley et al. (1999) show how the TRI quantifies 
topographic heterogeneity.  Measurement of terrain ruggedness is important 
for a number of scientific disciplines, and complex methods of quantifying 
surface characteristics have been evolving within fields such as 
geomorphology and wind engineering (Sappington et al., 2007: 1419).  The 
TRI is one such method which, using a DTM and GIS, quantifies the total 
elevation change across a given area (Riley, 1999).  The TRI was derived with 
QGIS’s raster based terrain analysis tool using the 20 m DEM as an input.  
Ruggedness index values can be classified into categories to describe the 
different types of terrain (Riley, 1999).  The thematic classes are as follows 
(Riley, 1999): 
Level = 0 - 80 m 
  Nearly level = 81 – 116 m 
  Slightly rugged = 117 – 161 m  
  Intermediately rugged = 162 – 239 m 
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  Moderately rugged = 240 – 497 m 
  Highly rugged = 498 – 958 m 
  Extremely rugged = 959 – 4367 m 
 
 
 
 
Figure 18:  The hypothetical landscape model (after Ayalew & Yamagishi, 
2004). 
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      Profile Plan     
    Positive C Cx     
    Negative Cx C      
    0 Flat Flat     
  
 
 
 
Thematic 
classes: 
       CCx = Profile x Plan = Sloping recessing hills 
   CC = Profile x -(Plan) = Sloping closed basins 
   CxCx = -(Profile) x Plan = Sloping inflated hills 
   CxC = -(Profile) x -(Plan) = Sloping protuberant basins 
              
  Legend:           
  C - Concave Cx - Convex     
              
Figure 19:  The raster calculations used in ArcMap to derive the slope units 
associated with rockfalls in the GGHNP include sloping recessing hills 
(concave–convex or CCx), sloping closed basins (concave-concave or CC), 
sloping inflated hills (convex-convex or CxCx), and sloping protuberant 
basins (convex-concave or CxC). 
 
4.3.6    Topographic position index (TPI) 
Figure 22 shows the TPI thematic layer derived from the 20 m DEM for the 
GGHNP.  The TPI is defined as the difference between a cell elevation value 
and the average elevation of the neighbourhood around that cell (Jenness, 
2006). Using the TPI at different scales and slope, allows for the classification 
of landscape into both topographic position (i.e. ridgetop, depressions, and 
mid-slope) and landform category (i.e. steep narrow depressions, gentle 
valleys, open slopes, etc.). The TPI was calculated using Land Facet Corridor 
Designer, an open source ArcGIS toolbox which identifies the geographic 
portion of a region that maximizes continuity and diversity of landscape units
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Figure 20:  Slope unit thematic layer for the GGHNP. 
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Figure 21:  TRI thematic layer for the GGHNP derived using the 20 m DEM. 
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defined by topographic and soil traits that are expected to facilitate wildlife 
movement.  TPI is an inherently scale-dependent phenomenon, and the 
classification produced depends entirely on the scale specified by the user 
analysing the landscape (Jenness, 2006).  A scale parameter of 250 m was 
found to best represent ridgetops (Guisan et al., 1999), which was confirmed 
through visual interpretation of the output with the aerial imagery.  Positive 
TPI values mean the cell is higher than its surroundings, while negative values 
mean it is lower.  If the TPI cell values are negative, then they are likely to 
indicate valley and canyon bottoms.  If the TPI cell values are positive, they 
indicate ridgetops and hilltops.  A TPI value of zero is indicative of mid-slope 
areas.  The TPI was then reclassified into the following thematic classes 
(Jenness et al., 2010): 
 
Depressions (negative TPI values) 
Flat-gentle slope 
Steep slope 
   Ridgetop (positive TPI values) 
 
4.3.7.    Drainage lines 
Drainage lines were derived from the hydrological DEM derivative, flow 
accumulation.  Using Spatial Analyst’s HYDROLOGY toolbox, a flow 
accumulation raster was created.  The flow accumulation raster was then 
reclassed to 7 classes (Figure 23) to delineate stream order using Strahler’s 
method (Strahler, 1952).  The reclassed flow accumulation raster contains 7 
stream orders.  The reclassed flow accumulation raster was then converted to a 
vector layer using the RASTER TO POLYLINE function (Figure 24).  Table 5 
shows the percentage of river length for each stream order within the 322.032 
Km² study area.  A 1: 500,000 drainage layer produced by the South African 
Department of Water and Sanitation (previously Department of Water Affairs 
and Forestry) was overlaid with the drainage lines derived from the 20 m 
DEM to act as a means for visually validating the derived drainage lines.  The 
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highest stream orders compare well between the 1: 500,000 drainage vector 
and derived drainage vector however, the lower stream orders cannot be 
validated due to the coarser scale of the 1: 500,000 drainage vector. 
 
4.4.    Defining the ground-truthed sites 
Accessibility to rockfalls was the main constraint for the sampling selection 
procedure.  For the purpose of collecting DGPS coordinates, it is very 
important to be as close to a trigonometric beacon as possible, as the 
trigonometric beacons provide the only accurate known geographic locations 
within the Park.  Accessing the trigonometric beacons to set up DGPS base 
stations was a difficult task in itself, as the beacons are located on top of the 
koppies throughout the Park.  The Rietspruit trigonometric beacon located on 
the Silasberg (Figure 25) is the most accessible of all the beacons within the 
representative sample area.  An investigation of the aerial imagery revealed it 
to be the most accessible of all the trigonometric beacons within the 
representative sample area.  As such, the selection of sampling sites was 
closely influenced by the location of the Rietspruit trigonometric beacon.  The 
first reference point (i.e. A0) was determined using this beacon and 
subsequent reference points were then determined from one another as 
follows: 
Rietspruit Beacon  A0  H3  H4  H6  H7  H8 
 
Many areas of the GGHNP are inaccessible by vehicle and could potentially 
take over a day to reach by foot, thus, for the scope of this study, it was 
essential to keep the sampling sites within reasonable walking distance.  For 
this purpose, the sampling sites were constrained to a 1 Km radius from the 
main road, dirt roads and foot paths (Figure 25).  The selection of the 1 Km 
buffer radius was influenced by preliminary observations on the abundance of 
accessible rockfalls from the main road.  The main and secondary road (i.e. 
dirt roads and footpaths) layers were created by digitising off the aerial 
imagery.  The main road and secondary road layers were then merged and 
buffered to a 1 Km radius to define the representative sample area.   
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Figure 22:  TPI for the GGHNP. 
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Figure 23:  Strahler’s method for categorising stream order (adapted from 
Strahler, 1952). 
 
Stream Order Length (Km) Length % 
1 99.42 49.9975 
2 45.99 23.128 
3 22.49 11.31 
4 9.58 4.8177 
5 9.62 4.83782 
6 8.69 4.37013 
7 3.06 1.53885 
 
Table 5:  Total and percentage length of drainage line by stream order. 
 
The geology of the GGHNP was the next most important criterion for 
determining representative rockfall sites.  As already discussed, only Clarens, 
Elliot and Molteno Fm. sandstones were selected for inclusion in the sample.  
A 1:250,000 geological vector layer was then clipped to the 1 Km 
representative sample area to aid in the selection of representative ground-
truthed sites. The last sampling constraint was the presence of rockfalls.  Small 
to large groups of rockfalls were manually digitised as polygons using the 
aerial imagery.  The digitisation procedure ignored large outcrops, especially 
of the Clarens and Molteno Fm. sandstones, which show up very clearly in the 
aerial imagery.  It is important to note that the digitised clusters possess a bias 
as they are a subjective interpretation of what is considered a rockfall, 
however, this process served to provide a general indication of rockfall 
densities. 
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Fishnet grids of 500 m by 500 m were created and clipped to the 1 Km 
representative sample area in order to assist in tracking progress made with the 
digitisation of potential rockfalls.  The rockfall polygons were only digitised 
within the representative sample area.  The centroids of the digitised rockfall 
polygons were then determined and overlaid with the aerial imagery and 
clipped geological vector data to provide a basic visualisation of the density of 
rockfalls within the representative sample area (Figure 26). 
 
For the purpose of this research, it was necessary to sample at least one site 
per lithology; hence at least one rockfall ground-truthed site was required for 
each of the Clarens, Elliot and Molteno sandstone Formations.  Figure 27 
demonstrates the GIS workflow of the methodology used for selecting the 
ground-truthed sites. The representative ground-truthed sites were selected to 
include each of the sandstone lithologies present in the region. The Clarens, 
Elliot and Molteno Fm. Sandstone sample sites (1-3) were selected where 
points representing rockfall of the interested lithology were isolated from the 
other lithologic groups, based on the overlaid 1:250,000 geological vector 
layer. The sample ground truth sites were selected where rockfall densities are 
closest to the Rietspruit trigonometric beacon, with the highest densities for 
each of the Formation sandstone groups. 
 
4.5.    Field data collection 
All of the field work was undertaken during two visits to the Park.  The 
majority of the field work was undertaken from the 15
th
 to the 22
nd
 of 
December 2011.  During this time, the focus was on setting up base stations 
and locating the ground-truthed sites.   Table 6 outlines the field work 
activities in more detail.  The Rietspruit trigonometric beacon, which is the 
most accessible of the trigonometric beacons within the representative 
sampling area, was used to set up a DGPS base station (Figure 30), so that the 
first reference point could be established.  This trigonometric beacon is located
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Figure 24:  Vector layer of drainage lines for the GGHNP. 
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Figure 25:  The representative sample area also indicating the locations of the DGPS here points. 
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at the summit of the Silasberg and was only accessible by hiking along the 
crests of hills near the Basotho cultural village located ~ 1.5 Km east of the 
Silasberg (Figure 31).  Once the DGPS base station was established at the 
Rietspruit trigonometric beacon, some field assistants stayed to watch over the 
base station whilst other members of the team hiked back down the Silasberg 
for ~ 800 m northward along the slope to locate the Clarens Fm. ground-
truthed site.  The Clarens Fm. ground-truthed site was located by tracking the 
coordinates from one of the 5 m grids at the Clarens Fm. ground-truthed site 
using the stakeout points feature on the DGPS’s rover (see fig 30, b).  Once 
the coordinate point was located, a steel rod was placed into the ground as a 
marker (see Figure 32).  This marker then served as a reference point.  The 
DGPS base station was then set up at the newly located reference point known 
as A0.   
Visible rockfalls were subsequently mapped with the establishment of further 
reference points (H3 and H4).  Reference points H3 and H4 were conveniently 
set up near the main road (R712).  Reference points were established for the 
Elliot and Molteno Fm. ground-truthed sites.  Reference point H6 was 
determined using reference point H4 as a base station.  Reference point H6 
was then used to locate reference point H7 which was consequently used as a 
base station for collecting coordinate measurements at the Elliot Fm. ground-
truthed site (Figure 33).  The Molteno Fm. ground-truthed site (Figure 34) was 
located using reference point H6, so as to set up reference point H8, which 
served as the base station for collecting DGPS readings at the Molteno Fm. 
ground-truthed site.  An additional field visit from 1 - 3 June 2012 was 
undertaken to complete data collection at the Molteno Fm. ground-truthed site.   
 
  4.5.1.    Rockfall position 
The position of every rock sample was measured at approximately the mid-
point of the rock using the DGPS. The DGPS collects coordinates with 
accuracies of at least 10 cm.  The point nomenclature for every rockfall was 
named according to three attributes: their grid occupancy, site occupancy (i.e. 
abbreviated to the first letter of the ground-truthed sites name) and feature 
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number (Figure 35).  Each attribute is separated by a hyphen, for example the 
12
th
 rockfall occupying grid C1 at the Molteno site would have a point 
identification (point ID) C1-M-12. The ground-truthed sample sites were 
named as follows: 
1- Clarens Fm. ground-truthed site 
2- Elliot Fm. ground-truthed site 
3- Molteno Fm. ground-truthed site 
The GIS methodology for creating the five meter by five meter ground truth 
grids is shown in Figure 28.  Rockfalls within each representative sample site 
were selected using a polygon.  This polygon defined the extent of the grid.  
Vector grids with five meter spacing for both the X and Y axis were then 
created.  A total of three columns by four rows were chosen for sampling.  
This sample size was deemed sufficient for mapping features, both down slope 
and across the slope.  At the Clarens and Elliot ground truth sites, the three 
columns were labelled A – C, and the four rows 1 – 4.   At the Molteno 
ground truth site, the four columns were labelled A – D, and the three rows 1 – 
3.  In order to find coordinates for the corners of each grid, the nodes for the 
grids needed to be extracted using the extract nodes tool in QGIS.  An X and a 
Y attribute field were then created for the extracted points nodes.  The X field 
and Y field represent degree values for longitude and latitude respectively.  
The extracted nodes were then used to locate and mark actual grid points 
within the field. The sampling grids and points for the sample ground-truthed 
sites are depicted in Figure 29. 
 
4.5.2.    Rockfall measurements 
Figure 36 is a graphic representation of how the rock measurements were 
taken in the field using a measuring tape.  The rock measurements refer to the 
actual physical dimensions of the measured rock.  Tables were produced in the 
field to record the measured longest Axis (LA), the perpendicular axis (PA), 
height, and circumference of each rock.  The readings were recorded in 
millimetres using a 50 m measuring tape and measured and labelled according 
to their DGPS point id. 
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Figure 26:  Image showing the density of rockfalls within the representative sample area.  The Clarens, Elliot and Molteno Formation Ground-
truthed sites were selected using the overlayed information and are indicated by the callouts. 
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Figure 27:  GIS workflow depicting the steps taken for selecting the representative ground-
truthed sites.  Heirarchical importance is highest for accessibility, followed by geology and 
the prescence of a rockfall. 
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Figure 28:  GIS workflow depicting the steps taken for creating the 3 column ground-truthed 
grids.   
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Figure 29:  The 5 m by 5 m grids for the three ground-truthed sites. The grid columns 
are labelled A – C and the rows 1 - 4.
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Field work dates Field work activities 
15-Dec-11 
- Reach the Rietspruit trigonometric beacon and set up a base 
station. 
  - Stake out the Clarens Fm. ground-truthed site. 
  - Set up a base station at the Clarens station 
  
- Set up grids and measure rockfalls at the Clarens  
  ground-truthed site. 
  - Set up reference points H3 and H4. 
    
16 - 17 Dec 2011 - Measure rockfalls at the Clarens Fm. ground-truthed site. 
    
18 - 21 Dec 2011 - Set up reference point H6. 
  - Stake out Elliot Fm. ground-truthed site. 
  - Set up reference point H7 at the Elliot Fm. ground-truthed site. 
  
- Collect measurements for rockfalls at the Elliot ground- 
  truthed site. 
    
22-Dec-11 - Set up reference point H6. 
  - Stake out the Molteno Fm. ground-truthed site. 
  
- Set up reference point H8 at the Molteno Fm. ground-truthed 
site. 
  
- Collect measurements for rockfalls at the Molteno  
  ground-truthed site. 
    
1 -3 June 2012 - Set up reference point H8. 
  
- Collect measurements for rockfalls at the Molteno  
  ground-truthed site. 
    
 
Table 6:  A detailed description of the field work activities that took place on 
specific field work dates. 
 
Figure 30:  (a) DGPS base station and (b) rover. 
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Figure 31:  The Silasberg (Clarens Fm. ground-truthed site). 
 
 
Figure 32:  Steel rod marker used as a reference coordinate. 
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Figure 33:  Elliot Fm. ground-truthed site. 
 
Figure 34:  Molteno Fm. ground-truthed site. 
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Figure 35:  Rockfall nomenclature derived by grid occupancy, site occupancy, 
and rockfall feature number. 
 
4.5.3.    Orientation of the rock 
The rock orientation refers to the bearing of the rocks’ longest axis. The 
bearing of the longest axis (bearing of LA) was determined using a map 
compass with bearing.  
 
  4.6.    Mapping the field data in a GIS 
Once the DGPS field points were collected, it was necessary to export them 
from the DGPS controller unit to the desktop for analysis.  This was done 
using Trimble Business Centre software, which comes packaged with the R6 
DGPS.  The points for all the ground truth sites were exported using the 
WGS84 datum and UTM 35 south conformal projection.  The point data were 
exported to a comma-separated values file format (i.e. .csv).  The .csv file was 
edited and headers added, namely Point ID, X, and Y.   
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Figure 36:  Ground-truthed measurements taken for individual rocks at the 
ground-truthed sites. 
 
 
The next step was to prepare the data for use in a GIS environment.  To do 
this, the .csv files were added to ArcMap.  The X Y data were displayed and 
then exported to shapefile format.  The field measurements for each rockfall 
were associated to its point ID.  Attribute fields for the LA, PA, height, 
bearing of LA, circumference and DGPS base height were physically input for 
every point ID.  In addition to this, an area field was created and populated by 
multiplying the LA (length) and PA (breadth) for every rock using the field 
calculator in ArcMap.  
 
Longest axis 
The longest axis is measured and recorded by standing above the 
rock with a bird’s eye view and measuring with tape, the longest 
length of the rock in millimetres.   
Perpendicular axis 
The perpendicular axis is measured and recorded by standing above 
the rock with a bird’s eye view and measuring with tape, the width 
or length perpendicular to the longest axis of the rock in millimetres.   
Circumference 
The circumference is measured and recorded by standing above the 
rock with a bird’s eye view and measuring with tape, the length 
around the rock in millimetres.   
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4.6.1.    Bounding containers 
Once the rock measurements were captured in the field for all the point ID’s, it 
was possible to create bounding containers to represent the extents of ground-
truthed rockfalls.  To create the bounding containers required the LA (length) 
and the bearing of the LA (direction), the PA, and the angle perpendicular to 
the bearing of the LA, and then finally, the parallel LA and inverse angle of 
the bearing of the LA.  The LA, bearing of the LA, and PA were determined 
through ground-truthing, whereas the angle perpendicular to the bearing of the 
LA, parallel LA and inverse angle of the bearing of the LA are derived from 
the given measurements.  The bounding containers were achieved using 
advanced digitising in ArcMap.  The bounding containers were used to help 
identify image objects during the OBIA.  The methodology for creating the 
bounding containers is described (Figure 37).   
 
Figure 37:  Bounding container showing the perpendicular angle calculated 
off the bearing of the LA and the parallel line which is the inverse angle of the 
bearing of the LA. 
 
4.7.    Modelling rockfall characteristics with TEGP  
One of the objectives of this dissertation was to determine if a relationship 
between ground-truthed rockfalls (i.e. rockfall characteristics) could be 
established with remotely sensed imagery.  If a relationship between rockfall 
characteristics and rockfalls in remotely sensed imagery exists, then rockfall 
characteristics could be modelled by using variables extracted from assumed 
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rockfalls in remotely sensed imagery.  The goal was thus to model rockfall 
characteristics with TEGP (from DEM) and remote sensing variables (from 
aerial image).  Linear regression was chosen for this purpose.  In order to 
answer whether or not TEGP and remote sensing variables can be used to 
characterise rockfall characteristics (i.e. ground-truthed rockfall 
measurements), step-wise multiple linear regression modelling was used.  A 
calibration and validation dataset (calval) was created and used as the input for 
the step-wise multiple linear regression models.  Multiple linear regression 
attempts to model the relationship between two or more explanatory variables 
and a response variable by fitting a linear equation to the observed data 
(Multiple linear regression, 1997). Step-wise regression throws out the 
independent variables which do not show a significant relationship with the 
dependent variable.  Every value of the independent variable x is associated 
with a value of the dependent variable y (Multiple linear regression, 1997).  In 
this instance, the dependent variable or y is the rockfall characteristic (i.e. 
ground-truthed rockfall measurement; LA, PA, bearing of LA, circumference, 
and area), and the independent variable or x is the TEGP extracted from 
remote sensing imagery. The TEGP were extracted to the calval using the 
derivatives derived from the 20 m DEM, and band 1, band 2, and band 3 of the 
mosaicked aerial imagery.  The TEGP and remote sensing variables 
essentially represent the environmental variables of the GGHNP.  For brevity 
the TEGP will from here on out also refer to the remote sensing variables 
extracted from the aerial imagery (i.e. image bands).  The extracted TEGP 
include: 
Aspect – Values extracted to calval from the slope aspect raster 
derived from the 20 m DEM. 
Slope – Values extracted to calval from the slope gradient raster 
derived from the 20 m DEM. 
Curvature – Values extracted to calval from the curvature raster 
derived from the 20 m DEM. 
Plan – Values extracted to calval from the plan raster derived from the 
20 m DEM. 
Profile – Values extracted to calval from the profile raster derived from 
the 20 m DEM. 
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Roughness – Values extracted to calval from the roughness raster 
derived from the 20 m DEM. 
Elevation – Values extracted to calval from the 20 m DEM. 
TPI – Values extracted to calval from the topographic position index 
raster derived from the 20 m DEM. 
TRI – Extracted to calval from the topographic roughness index raster 
derived from the 20 m DEM. 
Band 1 – Values extracted to calval from the red band of the 
mosaicked aerial imagery. 
Band 2 – Values extracted to calval from the green band of the 
mosaicked aerial imagery. 
Band 3 – Values extracted to calval from the blue band of the 
mosaicked aerial imagery. 
 
4.7.1.    Defining the multiple linear regression model 
The model for multiple linear regression, given n observations, is: 
 
yi = 0 + 1xi1 + 2xi2 + ... pxip + i for i = 1, 2, ... n. 
Where yi  is the dependent variable (i.e. ground-truthed rockfall measurement; 
LA, PA, Bearing of LA, circumference, and area) 
0 the intercept, and 1xi1 + 2xi2 + ... pxip + i for i = 1, 2, ... n, the 
independent variables (i.e. the TEGP) 
 
In the statistical software package “R”, the model is expressed as: 
DATA = FIT + RESIDUAL 
Where the "FIT" term represents the expression 0 + 1x1 + 2x2 + ... pxp. 
The "RESIDUAL" term represents the deviations of the observed 
values y from their means y, which are normally distributed with mean 0 
and variance (Multiple linear regression, 1997).  Thus the multiple linear 
regression takes on the following form in R: 
 
Rockfall characteristic ~ Aspect + Curvature + Plan + Roughness + Profile + 
Slope + Elevation + Total curvature + TPI + TRI + band1 + band2 + band3 
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Where Rockfall characteristic is either the LA, PA, bearing of LA, 
circumference or area. 
 
4.7.2.    Defining the calibration and validation dataset 
The calval was created from the DGPS midpoints ground-truthed dataset. In 
order for the multiple linear regression models to discern rockfall from 
features with no rockfall characteristics, it was necessary to collect sample 
data of features which are not rockfalls.  A total 151 points comprising of bare 
soil, vegetation, water, road, dirt road, shadow, and building roofs were 
digitised off the mosaicked aerial imagery to the DGPS mid-point ground-
truthed dataset and assigned an attribute “N” for ‘not rockfall’.  This was done 
to differentiate rockfall from non-rockfall  which consist of ~28% of the points 
in the calval.  In contrast, measured rockfalls were assigned a “Y” attribute.  
Fields for the aforementioned independent variables (TEGP and remote 
sensing variables) were created and populated using the ‘extract multiple 
values to points’ tool on the DEM derivatives, and band 1, band 2, and band 3 
of the mosaicked aerial imagery.  This brought the population of the DGPS 
midpoints ground-truthed dataset to 544.   
 
The DGPS midpoints ground-truthed dataset was imported into R as a comma 
delimited table and named calval.   A field called calval was created so that a 
calibration and validation samples could be allocated within the dataset.  The 
calibration sample was defined as 75% of the calval population whilst the 
validation sample was allocated the remaining 25% of the calval.  It was 
important to assign 25% of the calval as a validation sample set, as validation 
is a component of the multiple linear regression models.  Generated models 
can only be validated with an independent validation sample.  In essence, the 
validation sample was used to validate the calibration sample.  The calibration 
sample used in the multiple linear regression models could only be validated 
with an independent sample (i.e. the validation sample).  In addition to 
validating the multiple linear regression models, the validation sample was 
also used to validate rockfalls mapped using the OBIA approach. 
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Chapter 5 - Ground-truthed site results 
 
5.1.    Survey results 
A total of 21, 5-meter by 5-meter ground truthed grids were sampled (Figure 
38), bringing the success rate of the originally planned survey to 58.3%.  A 
total of nine grids were sampled at the Clarens Fm. ground-truthed site, three 
at the Elliot Fm. ground-truthed site and nine at the Molteno Fm. ground-
truthed site.  A total of 75% of the ground-truthed grids were sampled for the 
Clarens and Molteno Fm. ground-truthed sites.  In contrast, only 25 % of the 
Elliot Fm. ground-truthed site was surveyed successfully, hence bringing 
down the overall success rate of the initially planned survey.   
 
The major factor limiting full survey coverage at the Clarens and Molteno Fm. 
ground-truthed sites was vegetation cover.  The presence of vegetation in 
some of the grids made collecting measurements for rockfalls difficult, if not 
impossible in some situations (Figure 39).  The major factor limiting survey at 
the Elliot Fm. ground-truthed site was time constraints.  The rockfalls 
measured at the Elliot Fm. ground-truthed site were the smallest and most 
abundant per survey grid (Figure 40).  It took an entire day to measure 
rockfalls within two grids at the Elliot Fm. ground-truthed site.  Elliot Fm. 
sandstone deposits are small, with a compressed mud like composition.  Many 
deposits broke easily while surveying, and were difficult to mark, which made 
monitoring progress even more difficult but especially time consuming.  A 
total of 62 rocks were ground-truthed at the Clarens Fm. ground-truthed site, 
141 rocks at the Molteno Fm. ground-truthed site, and 190 rocks at the Elliot 
Fm. ground-truthed site. 
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Figure 38:  Image showing the surveyed grids at the Clarens, Elliot, and 
Molteno Fm. ground-truthed sites. 
 
Figure 39:  Vegetation cover at the Clarens Fm. ground-truthed site. 
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Figure 40:  Example of the abundant rock deposits measured at the Elliot Fm. 
ground-truthed site. 
 
5.2.    Ground-truthed rockfall statistics 
Table 7 provides a summary of statistics for the LA, PA, and circumference of 
rockfalls ground-truthed at the Clarens, Elliot, and Molteno Fm. ground-
truthed sites.  The mean LA for all ground-truthed sites is 0.5 m,  whilst those 
for the Clarens, Elliot and Molteno Fm. ground-truthed sites is 0.97 m, 0.2 m, 
and 0.71 m respectively.  The smallest LA for an individual rockfall is 0.06 m 
and recorded at the Elliot Fm. ground-truthed site.  In contrast, the largest LA 
for an individual rockfall is 5.44 m, recorded at the Clarens Fm. ground-
truthed site.  The mean PA for all ground-truthed sites is 0.33 m.  The mean 
PA for the Clarens, Elliot, and Molteno Fm. ground-truthed sites is 0.67 m, 
0.15 m, and 0.42 m respectively.  The smallest PA for an individual rockfall is 
0.04 m, recorded at the Elliot Fm. ground-truthed site, whilst the largest PA 
for an individual rockfall is 3.90 m, recorded at the Clarens Fm. ground-
truthed site.  The mean circumference for all ground-truthed rockfalls is 1.33 
m.  The mean circumference for rockfalls measured at the Clarens, Elliot, and 
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Molteno Fm. ground-truthed sites is 2.52 m, 0.57, and 1.83 m respectively.  
The smallest circumference for an individual rockfall is 0.16 m, recorded at 
the Elliot Fm. ground-truthed site. In contrast, the largest circumference for an 
individual rockfall is 15.14 m, recorded at the Clarens Fm. ground-truthed site.  
The summary statistics for the LA, PA, and circumference show that on 
average the largest rockfalls were recorded at the Clarens Fm. ground-truthed 
site, followed by the rockfalls measured at the Molteno Fm. ground-truthed 
site.  The summary of LA, PA, and circumference statistics also show that the 
Elliot Fm. ground-truthed site recorded on average the smallest rockfalls.   
    
Clarens 
(m) 
Elliot 
(m) 
Molteno 
(m) 
All  sites 
(m) 
L
o
n
g
e
st
 A
x
is
 
Mean 0.97 0.2 0.71 0.5 
Median 0.6 0.12 0.58 0.27 
Mode 0.4 0.1 0.17 0.09 
Std. dev. 1.02 0.27 0.57 0.64 
Min 0.2 0.06 0.09 0.06 
Max 5.44 2.18 3.21 5.44 
            
P
er
p
e
n
d
ic
u
la
r 
A
x
is
 Mean 0.67 0.15 0.42 0.33 
Median 0.4 0.09 0.35 0.18 
Mode 0.31 0.07 0.19 0.08 
Std. dev. 0.82 0.19 0.32 0.44 
Min 0.15 0.04 0.08 0.04 
Max 3.9 1.46 1.48 3.9 
            
C
ir
c
u
m
fe
r
e
n
ce
 
Mean 2.52 0.57 1.83 1.33 
Median 1.6 0.34 1.6 0.69 
Mode 1.11 0.23 0.43 0.23 
Std. dev. 2.73 0.77 1.39 1.66 
Min 0.54 0.16 0.25 0.16 
Max 15.14 5.72 7.32 15.14 
            
 
Table 7:  Summary statistics of the LA, PA and circumference of rockfalls 
ground-truthed at the Clarens, Elliot, and Molteno Fm. ground-truthed sites.   
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The standard deviation values for the LA, PA, and circumference 
measurements at the Clarens and Elliot Fm. ground-truthed sites were larger 
than their respective means.  In contrast, the standard deviation values for the 
LA, PA, and circumference measurements at the Molteno Fm. ground-truthed 
site were lower than their respective means.  Lower standard deviation values 
indicate less disparity in the LA, PA, and circumference of rockfall 
measurements, showing that the measured rockfalls are more alike with 
respect to their means, whereas higher standard deviation values indicate high 
disparity in the LA, PA, and circumference rockfall measurements showing 
that the measured rockfalls are less alike with respect to their means.   
 
In summary, the descriptive statistics for the LA, PA and circumference of 
ground-truthed rockfalls show that the Clarens Fm. ground-truthed site has the 
largest rockfalls, followed by the Molteno Fm. ground-truthed site.  The 
rockfalls measured at the Elliot Fm. ground-truthed site are the smallest.  The 
standard deviation values for the LA, PA and circumference show that the 
rockfalls for the Clarens and Elliot Fm. ground-truthed sites vary significantly 
in contrast to their respective means and the difference between measurements 
is highly variable. In contrast, the LA, PA and circumference rockfalls for the 
Molteno Fm. ground-truthed site show little variation between measurements 
and are more alike with respect to their means.   
 
5.2.1.    Analysis of variance  
An important step in determining whether remote sensing technologies can 
practically be used to identify rockfall sites is to evaluate the characteristics of 
rockfalls irrespective of geology.  Prior to evaluating mapping techniques, it 
was determined whether the rockfall properties are geologically controlled.   
Analysis of variance (ANOVA) tests were performed to determine if mean 
rockfall parameters (i.e. LA, PA, circumference and area) differ significantly 
between the three ground-truthed geologies. The ANOVA F-test shows 
whether or not there is a significant difference in average values between 
groups.  In this instance, the groups refer to the three ground-truthed sites, 
highlighted by their geologies (i.e. Clarens, Elliot and Molteno Fm. 
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sandstones), and the variables used were the LA, PA, circumference and area, 
all of which were represented in meters.   
The HO for each of these tests were that the mean values for the variables do 
not differ, for example LAClarens=LAElliot=LAMolteno.  Table 8 summarises the 
ANOVA statistics for the average of the longest axis, perpendicular axis, 
circumference, and area ground-truthed measurements.  Based on these 
findings, HO, indicating no statistical difference in rockfall properties with 
respect to the three measured geological formations, is rejected.  The HA, that 
there are significant differences in rockfall properties with respect to geology, 
is thus accepted.   
                  
  ANOVA - Longest Axis   
      Df   F value   Pr(>F)   
  Geology   2   14.55   1.37E-06   
  Residuals 183           
                  
  ANOVA - Perpendicular Axis   
      Df   F value   Pr(>F)   
  Geology   2   12.46   8.42E-06   
  Residuals 183           
                  
  ANOVA - Circumference   
      Df   F value   Pr(>F)   
  Geology   2   13.68   2.92E-06   
  Residuals 183           
                  
  ANOVA - Area   
      Df   F value   Pr(>F)   
  Geology   2   5.4   5.27E-03   
  Residuals 183           
                  
  Significant codes:   0   '***'   0.001   '**'   
                  
 
Table 8:  ANOVA statistics for ground-truthed measurements: longest axis, 
perpendicular axis, circumference and area.   
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5.2.2.    Tukey honestly significant test  
The ANOVA test enabled the verification that the average values differ 
significantly between the three geological formations, but is unable to reveal 
specifically if each of the three geological rockfall properties differ from one 
another.  The ANOVA test was thus followed by applying the post hoc Tukey 
Honestly Significant Difference (HSD) test.  The TukeyHSD test performs 
multiple pairwise comparisons between the three formations, for each rockfall 
property.  For each comparison, the null hypothesis is that the average values 
are equal.    Table 9 summarises the results for the TukeyHSD.  Padj. values 
falling below 0.05 indicate that the rockfall properties being compared are 
significantly different (i.e. that the HO is rejected and the HA is accepted).   
 
                          
  Tukey multiple comparisons of means test   
  95% family-wise confidence level   
                          
      Geology   Diff   Lower   Upper   Padj.   
  
LA 
  Elliot - Clarens   -0.7   -1.02   -0.39   1.1E-06   
    Molteno - Clarens   -0.22   -0.54   0.09   0.23   
    Molteno - Elliot   0.48   0.17   0.8   0.001   
  
PA 
  Elliot - Clarens   -0.48   -0.71   -0.25   4.2E-06   
    Molteno - Clarens   -0.25   -0.48   -0.026   0.025   
    Molteno - Elliot   0.23   -0.0007   0.45   0.051   
  
Circum. 
  Elliot - Clarens   -1.78   -2.6   -0.96   0.000002   
    Molteno - Clarens   -0.61   -1.43   0.2   0.18   
    Molteno - Elliot   1.17   0.35   1.98   0.003   
  
Area 
  Elliot - Clarens   -1.22   -2.12   -0.32   0.0045   
    Molteno - Clarens   -0.85   -1.75   0.05   0.07   
    Molteno - Elliot   0.37   -0.53   1.27   0.59   
                          
 
Table 9:  TukeyHSD test showing the results for the pair-wise comparisons of means 
for ground-truthed measurements at the Clarens, Elliot and Molteno Fm. ground-
truthed sites. 
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5.2.3.    Rockfall measurements and spatial resolution 
Box plots were created for graphically comparing the means of the variables 
across the groups, relative to the minimum rockfall size that could 
theoretically be detected by the aerial imagery.  Figure 41 contains box plot 
graphs for the longest axis, perpendicular axis, circumference, and area 
ground-truthed measurements for the Clarens, Elliot and Molteno Fm. ground-
truthed sites.  In the box plot graphs for the longest axis, perpendicular axis 
and circumference, a threshold line is plotted on the y-axis at 0.5 meters.  This 
threshold line corresponds to the spatial resolution of the aerial imagery. If the 
mean for the longest axis, perpendicular axis and circumference is equal to or 
above the spatial resolution of the aerial image, it would suggest that the 
majority of ground-truthed rockfalls should be visible in the aerial image, as 
the majority of measurements fall above or equal the spatial resolution. The 
threshold line for the area box plot was plotted at 0.25 meters to correspond to 
the area of a pixel (i.e. area of a pixel = length of pixel x breadth of pixel).   
 
The box plot graphs for the longest axis and circumference indicate that the 
mean values for the Clarens and Elliot Fm. ground-truthed sites fall well 
above the 0.5 meter threshold line, whereas the mean values for the Elliot Fm. 
site falls below the threshold line.  Thus, one would expect to find the majority 
of ground-truthed rockfalls visible in the aerial imagery, based on longest axis 
and circumference measurements.  The box plot for the perpendicular axis and 
area show that the mean values for all of the ground-truthed sites fall below 
the threshold line for the spatial resolution and pixel area of the aerial image. 
Thus, one would expect the majority of ground-truthed rockfalls not to be 
visible in the aerial imagery, based on the perpendicular axis and area 
measurements. 
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Figure 41:  Box plot graphs for the ground-truthed measurements, longest axis, perpendicular axis, circumference and area.  The thick black line 
represents the mean for the ground-truthed variable and the red line (y axis threshold) corresponds to the spatial resolution of the aerial image. 
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  5.2.4.    Frequency and gradient 
In Figure 43, the gradient for each row of the ground-truthed sites is depicted.  
The slope gradient at each of the ground-truthed sites was calculated by 
finding the angle of the tangent using the following equation: 
     
        
        
 
  Where A is the angle (gradient).  The opposite is the difference in elevation. 
  and the adjacent the distance between two point. 
 
Figure 42 shows how the slope gradient was determined using tanA.  The 
‘opposite’ (Y) represents the elevation (meters).  The ‘opposite’ is determined 
by finding the difference in elevation between two points (Y = Z₂ - Z₁).  The 
‘adjacent’ (X) is the distance in meters between two points.  The slope 
gradient was calculated for each row of the ground-truthed grids.  Calculations 
could only be made for surveyed grids.  For instance, in row A of the Clarens 
Fm. ground-truthed site, point A1-C-1 from grid A1 and point A3-C-13 from 
grid A1 were selected to calculate the slope gradient for row A.  These points 
were the furthest apart from each other for row A of the Clarens Fm. ground-
truthed site.  The points with the furthest distance from each other were 
selected to ensure that the gradient for the entire row could be determined.  
Each DGPS point recorded an elevation attribute.  The difference in elevation 
is calculated by subtracting the higher elevation from the lower elevation 
point.  The adjacent requirement for the equation was satisfied by finding the 
distance between the DGPS points.  All inputs were used in the tanA equation 
to ultimately determine the slope gradient (A).  This was done for each row of 
the ground-truthed sites where there were DGPS point data. 
 
The results for the slope gradient are summarised in Table 10.  The Clarens 
Fm. ground-truthed site had the steepest average slope gradient, followed by 
the Molteno Fm. ground-truthed site.  The Elliot Fm. ground-truthed site had 
the gentlest slope gradient of only ~ 1˚ or is near level.  Figure 44 depicts the 
frequency of ground-truthed rockfalls against slope gradient for the ground-
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truthed sites.  Slope gradient decreases, so rockfall frequency increases.  This 
may account for the higher rockfall count observed at the Elliot Fm. ground-
truthed site in row A, as opposed to the ground-truthed rows at the Clarens and 
Molteno Fm. ground-truthed sites.  Rockfall frequency at the Molteno Fm. 
ground-truthed site is higher than the rockfall frequency at the Clarens Fm. 
ground-truthed site, but still lower than the rockfall frequency at the Elliot Fm. 
ground-truthed site. 
 
Site Clarens Molteno Elliot 
Row A 63.66˚ 4.19˚ 0.96˚ 
Row B 30.17˚ 14.36˚   
Row C 27.07˚ 19.56˚   
Row D   23.88˚   
  
  Table 10:  Slope gradient for the sampled rows at the ground-truthed sites. 
 
 
Figure 42:  Illustration of the trigonometric technique used for determining 
the degree of slope for each of the rows of the ground-truthed sites. 
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Figure 43:  Slope gradient for (a) Clarens ground-truthed site, (b) Molteno ground-truthed site, and (c) Elliot ground-truthed site. 
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  Figure 44:  Ground-truthed rockfalls vs. slope gradient. 
 
  5.2.5.    Bearing of LA and slope aspect  
The orientation of ground-truthed rockfalls refers to the bearing of the longest 
axis measurements.  In order to determine the mean orientation of ground-
truthed rockfalls, rose diagrams were drawn for each of the ground-truthed 
sites so that the mean ray of the orientation of ground-truthed rockfalls could 
be shown.  These rose diagrams are linear functions which plot bearing values 
of 0˚ - 360˚.  The rose diagrams were created by importing the bearing of the 
longest axis measurements into the software “RockWorks” as a table (Figure 
45, 46, and 47).  The plotted mean ray (or linear directional mean), symbolises 
the highest incidence of ground-truthed rockfalls occurring at a particular 
bearing.  The slope orientation (i.e. slope aspect) ray was plotted on the rose 
diagrams to check whether or not there is a relationship between the incidence 
of ground-truthed rockfalls occurring at a particular bearing with slope aspect.  
The slope orientation for each ground-truthed site was plotted on the rose 
diagram by determining the mode of the degree value from a slope aspect 
raster derived from the 20 m DEM.   
 
Frequency of rockfall deposits vs. slope gradient 
Slope gradient (degrees) 
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In Figure 45, the mean ray for 62 ground-truthed rockfalls recorded at the 
Clarens Fm. ground-truthed site was  317.73˚ north-west or 137.7˚ south-east 
in relation to a predominant north-facing slope.  The mean ray for 190 ground-
truthed rockfalls recorded at the Elliot Fm. ground-truthed site was  278.35˚ 
west or 98.4˚ east in relation to a predominant north-west-facing slope (Figure 
46).  In Figure 47, the mean ray for 141 ground-truthed rockfalls recorded at 
the Molteno Fm. ground-truthed site was 28.2˚ north north-west or 208.21˚ 
south south-west in relation to a predominant west-facing slope.  A 
comparison of the mean ray with the slope orientation suggests that the 
rockfalls at all of the ground-truthed sites except the Clarens site have a near 
perpendicular orientation to the slope orientation.  Hardwick (2012) found that 
the linear directional mean and frequency of digitised rockfalls suggests that 
the rockfalls are oriented perpendicularly to the rock exposure which 
compliments the observation that most rockfalls originate from horizontally 
bedded rock exposures which are oriented parallel to the slope contour. 
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Figure 45:  Rose diagram showing the mean orientation of 62 rockfalls (mean ray) measured at the Clarens Fm. ground-truthed site.
 
Slope orientation 
Mean ray 
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Figure 46:  Rose diagram showing the mean orientation of 190 rockfalls (mean ray) measured at the Elliot Fm. ground-truthed site. 
 
Slope orientation 
Mean ray 
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Figure 47:  Rose diagram showing the mean orientation of 141 rockfalls (mean ray) measured at the Molteno Fm. ground-truthed site. 
 
Slope orientation 
Mean ray 
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Chapter 6 - Multiple linear regression modelling 
results  
 
Table 11 summarises the results of the multiple linear regression models using 
the calibrated dataset.  The calibrated sample consisted of a population of 305 
rockfalls (nAll).  Of nAll, 47 samples were proportionately Clarens rockfalls 
(nClarens), 146 were proportionately Elliot rockfalls (nElliot), and 112 were 
proportionately Molteno rockfalls (nMolteno).  The results of the multiple linear 
regression models (Table 11) are reported by the TEGP, adjusted R², RMSE, 
and p-value.  The TEGP column shows the independent TEGP which were 
significant in the model.  The adjusted R² column is reported as a percentage 
and describes the relationship between the variations in the dependent rockfall 
characteristic with the independent TEGP.  In addition, the adjusted R² reflects 
accuracy.  An adjusted R² with a value of 100% implies that the independent 
TEGP describe the dependent rockfall characteristic perfectly.  Hence, the 
fitted regression line would conform to the normal distribution and there 
would be zero residual error (Figure 48).  The RMSE column reports on the 
precision of the residuals to determine whether or not they appear to fit the 
assumption of a normal distribution.  The p-value column reports on whether 
or not the multiple linear regression model produced a significant result.  
Modelled results which produced no significant difference between rockfall 
characteristic and TEGP were excluded from validation. 
 
Table 12 summarises the results of the multiple regression models applied to 
the validation dataset using the predict function in R.  The validation sample 
consisted of a population of 136 rockfalls (nAll).  Of nAll, 15 samples were 
proportionately Clarens rockfalls (nClarens), 44 were proportionately Elliot 
rockfalls (nElliot), and 29 were proportionately Molteno rockfalls (nMolteno).  The 
nElliot was excluded from validation as it failed to produce significant multiple 
linear regression models.  The predict function anticipates what the values 
would be at each validation point, based on the multiple linear regression 
model.  The results of the multiple linear regression models were used to 
 
108 
calculate the predicted values and the validation sample was input as the 
observed dataset.  Figure 49 shows the plotted regression line for the LA 
nClarens.  The normal distribution is highlighted in red.  The Y axis maps 
predicted values using the multiple regression model and the X axis maps the 
validation value.   The R² column reports accuracy as a percentage.  The closer 
R² is to 1 or 100%, the closer the predicted values correlate with the validation 
values.  The RMSE reports on the precision of the validation.  The lower the 
RMSE values, the closer the validation fits to a normal distribution.  Hence, a 
good validation is one where the R² is high and the RMSE is as close to zero 
as possible.  If all the plotted points were to fall on the plotted 1:1 line, 
defining the normal distribution, the multiple linear regression model would 
have 100% validation. 
 
 
Figure 48:  Hypothetical regression line assuming perfect fit with the normal 
distribution. 
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Step-wise Linear 
Regression 
TEGP Variables* 
Adjusted 
R² 
RMSE p-value** 
  
  
L
A
 
nall A,C,P,S,E,B1,B2,B3 34% 0.51m HS   
  nClarens B2,B3 62% 0.59m HS   
  nElliot NSV 
 
0.3m NP    
  nMolteno B1,B3 10.3% 0.56 HS   
  
P
A
 
nall A,C,P,S,E,B2,B3 27% 0.33m HS   
  nClarens C,P,B1,B2,B3 46% 0.45m HS   
  nElliot B1,B2 0.31% 0.21m NS   
  nMolteno C,B1 5.8% 0.32m S   
  
B
e
a
ri
n
g
 o
f 
L
A
 
nall A,C,P,R,E,TC,B1,B3 85% 118.4° HS   
  nClarens A,B2,B3 7.9% 126° NS   
  nElliot B1 0.9% 118.3° NS   
  nMolteno A,C 0.11 114.7° HS   
  
C
ir
c
u
m
fe
r
e
n
ce
 
nall A,C,P,S,E,B1,B2,B3 31% 1.34m HS   
  nClarens B2,B3 60% 1.6m HS   
  nElliot B1,B2 0.45% 0.86m NS   
  nMolteno B1,B3 9% 1.39m HS   
  
A
r
e
a
 
nall S,E,B1,B2,B3 16% 1.28m HS   
  nClarens B2,B3 39% 2.51m HS   
  nElliot NSV   0.33m NP   
  nMolteno B1,B3 98% 0.74m S   
                
Calibration sample size: 
nAll = 408 ; nClarens = 47 ; nElliot = 146 ; nMolteno = 112  
 
* TEGP 
A – Aspect, S – Slope, C – Curvature, P – Plan, Pr – Profile, R – Roughness, E – Elevation,  
TC – Total curvature, TPI – Topographic position index, TRI – Topographic roughness index,  
B1 – Band 1 (red), B2 – Band 2 (green), B3 – Band 3 (blue), NSV – No significant variables. 
 
** P-value confidence level 
Highly significant (HS) = 99%  Significant (S) = 95%  
Not significant (NS) = less than 95% No probability value (NP) 
 
Table 11:  Tabulated results of the multiple linear regression models of 
rockfall characteristics with Topographic Environmental GIS Proxies (TEGP).   
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Correlation R² RMSE 
  
  
L
A
 
nall 26% 0.59m   
  nClarens 0.01% 1.37m   
  nMolteno 5.50% 0.48m   
  
P
A
 
nall 30% 0.53m   
  nClarens 0.00% 1.33m   
  nMolteno 5.90% 0.25m   
  
B
e
a
ri
n
g
 o
f 
L
A
 
nall 0.10% 132.58°   
  nClarens 27% 123.76°   
  nMolteno 0.30% 120.83°   
  
C
ir
c
u
m
fe
r
e
n
ce
 
nall 26% 1.55m   
  nClarens 2.10% 3.94m   
  nMolteno 6.20% 1.14m   
  
A
r
e
a
 nall 12% 1.82m   
  nClarens 0.61% 4.81m   
  nMolteno 11% 0.41m   
            
Validation sample size: 
nAll = 136; nClarens = 15 ; nMolteno = 29  
 
Table 12:  Tabulated results of the multiple regression models applied to the 
validation dataset using the predict function in R. 
 
6.1.    LA multiple linear regression model results  
The results of the multiple linear regression model for the rockfall 
characteristic LA shows that for the entire calibration sample (nAll), TEGP of 
aspect, curvature, plan, slope, elevation, band 1, band 2, and band 3 are highly 
significant in describing 34% (adjusted R²) of the variation in the LA, 
however, the validation of this model using the independent validation dataset 
shows that only 26% of the variation was described by this model.  The results 
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of the LA multiple linear regression model for the Clarens Fm. sample 
(nClarens) shows that TEGP of band 2 and band 3 are highly significant in 
describing 62% (adjusted R²) of the variation in the longest axis, however, the 
validation of this model using the independent validation dataset shows that 
only 0.01% of the variation was described by this model.  The results of the 
LA multiple linear regression model for the Elliot Fm. sample (nElliot) shows 
that TEGP could not be used to describe the rockfall characteristic LA.  The 
results of the LA multiple linear regression model for the Molteno Fm. sample 
(nMolteno) shows that TEGP band 1 and band 3 are highly significant in 
describing 10.3% (adjusted R²) of the variation in the longest axis, however, 
the validation of this model using the independent validation dataset shows 
that only 5.5% of the variation was described by this model. 
 
Figure 49:  Plot of the nClarens showing correlation between LA predicted 
values vs. LA validated values (i.e. observed values).  The plotted red line 
represents the normal distribution of the regression.   
 
 
112 
The overall results of the multiple linear regression models show that the 
rockfall characteristic LA at the Clarens and Molteno ground-truthed sites can 
be modelled using independent TEGP, albeit to a very low extent.  In 
summary, the TEGP produce a validated accuracy of 0.01% and 5.5% for the 
rockfall characteristic LA at the Clarens and Molteno Fm. ground-truthed sites 
respectively.  The TEGP could not model the rockfall characteristic LA for the 
Elliot Fm. ground-truthed site.  The nClarens multiple linear regression model 
was rejected due to its poor validation accuracy. 
 
6.2.    PA multiple linear regression model results  
The results of the multiple linear regression model for the rockfall 
characteristic PA show that for the entire calibration sample (nAll), TEGP of 
aspect, curvature, plan, slope, elevation , band 2, and band 3 are highly 
significant in describing 27% (adjusted R²) of the variation in the PA, 
however, the validation of this model using the independent validation dataset 
shows that only 30% of the variation was described by this model.  The results 
of the PA multiple linear regression model for the Clarens Fm. sample 
(nClarens) shows that TEGP of curvature, plan, band 1, band 2, and band 3 are 
highly significant in describing 46% (adjusted R²) of the variation in the PA, 
however, the validation of this model using the independent validation dataset 
shows that 0% of the variation was described by this model.  The results of the 
PA multiple linear regression model for the Elliot Fm. sample (nElliot) shows 
that TEGP could not be used to describe the rockfall characteristic PA.  The 
results of the PA multiple linear regression model for the Molteno sample 
(nMolteno) shows that TEGP of curvature and band 1 are significant in 
describing 5.8% (adjusted R²) of the variation in the PA, however, the 
validation of this model using the independent validation dataset shows that 
only 5.9% of the variation was described by this model. 
 
The overall results of the multiple linear regression models show that the 
rockfall characteristic PA for the Clarens and Molteno Fm. ground-truthed site 
can be modelled using independent TEGP, albeit to a very limited extent.  In 
summary, the TEGP produce a validated accuracy of 0%, and 5.9% for the 
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rockfall characteristic PA of the Clarens and Molteno Fm. ground-truthed sites 
respectively.  The TEGP could not model the rockfall characteristic PA for the 
Elliot Fm. ground-truthed site.  The nClarens multiple linear regression model 
was rejected due to its poor validation accuracy. 
 
6.3.    Bearing of LA multiple linear regression model results  
The results of the multiple linear regression model for the rockfall 
characteristic LA of bearing shows that for the entire calibration sample (nAll), 
TEGP of aspect, curvature, plan, roughness, elevation, total curvature, band 1 
and band 3 are highly significant in describing 8% (adjusted R²) of the 
variation in the bearing of LA, however, the validation of this model using the 
independent validation dataset shows that only 0.1% of the variation was 
described by this model.  The results of the bearing of LA multiple linear 
regression model for the Clarens Fm. sample (nClarens) shows that TEGP of 
aspect, band 2 and band 3 were not significant in describing 7.9% (adjusted 
R²) of the variation in the bearing of LA.  The results for the bearing of LA 
multiple linear regression model for the Elliot Fm. sample (nElliot) shows that 
remote sensing variable band 1 was not significant in describing 0.9% of the 
rockfall characteristic bearing of LA.  The results of the bearing of LA 
multiple linear regression model for the Molteno Fm. sample (nMolteno) shows 
that TEGP of aspect, and curvature were highly significant in describing 11% 
(adjusted R²) of the variation in the bearing of LA, however, the validation of 
this model using the independent validation dataset shows that 30% of the 
variation was described by this model. 
 
The overall results of the multiple linear regression models show that the 
rockfall characteristic bearing of LA at the Clarens and Molteno Fm. ground-
truthed sites can be modelled using independent TEGP, albeit to a very limited 
extent.  In summary, the TEGP produce a validated accuracy of 27% and 0.3% 
for the rockfall characteristic bearing of LA at the Clarens and Molteno Fm. 
ground-truthed sites respectively.  The TEGP could not model the rockfall 
characteristic bearing of LA for the Elliot Fm. ground-truthed site.  The 
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nMolteno multiple linear regression model was rejected due to its poor validation 
accuracy. 
 
6.4.    Circumference multiple linear regression model results  
The results of the multiple linear regression model for the rockfall 
characteristic circumference shows that for the entire calibration sample (nAll), 
the TEGP of aspect, curvature, plan, slope, elevation, band 1, band 2 and band 
3 are highly significant in describing 31% (adjusted R²) of the variation in the 
circumference, however, the validation of this model using the independent 
validation dataset shows that only 26% of the variation was described by this 
model.  The results of the circumference multiple linear regression model for 
the Clarens Fm. sample (nClarens) shows that TEGP of band 2 and band 3 are 
highly significant in describing 60% (adjusted R²) of the variation in the 
circumference, however, the validation of this model using the independent 
validation dataset shows that only 2.1% of the variation was described by this 
model.  The results of the circumference multiple linear regression model for 
the Elliot Fm. sample (nElliot) shows that TEGP of band 1 and band 3 could not 
produce a significant result for describing the rockfall characteristic 
circumference.  The results of the circumference multiple linear regression 
model for the Molteno Fm. sample (nMolteno) shows that TEGP of band 1 and 
band 3 are highly significant in describing 9% (adjusted R²) of the variation in 
the circumference, however, the validation of this model using the 
independent validation dataset shows that only 6.2% of the variation was 
described by this model. 
 
The overall results of the multiple linear regression models show that the 
rockfall characteristic circumference at the Clarens and Molteno Fm. ground-
truthed sites can be modelled using independent TEGP, albeit to a very low 
extent.  In summary, the TEGP produce a validated accuracy of 2.1% and 
6.2% for the rockfall characteristic circumference at the Clarens and Molteno 
Fm. ground-truthed sites respectively.  The TEGP could not model the rockfall 
characteristic circumference for the Elliot Fm. ground-truthed site.   
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6.5.    Area multiple linear regression model results  
The results of the multiple linear regression model for the rockfall 
characteristic area shows that for the entire calibration sample (nAll), the TEGP 
of slope, elevation, band 1, band 2 and band 3 are highly significant in 
describing 16% (adjusted R²) of the variation in the area, however, the 
validation of this model using the independent validation dataset shows that 
only 12% of the variation was described by this model.  The results of the area 
multiple linear regression model for the Clarens Fm. sample (nClarens) shows 
that TEGP band 2 and band 3 are highly significant in describing 39% 
(adjusted R²) of the variation in the area, however, the validation of this model 
using the independent validation dataset shows that only 0.6% of the variation 
was described by this model.  The results of the area multiple linear regression 
model for the Elliot Fm. sample (nElliot) shows that TEGP could not be used to 
describe the rockfall characteristic area.  The results of the area multiple linear 
regression model for the Molteno Fm. sample (nMolteno) shows that TEGP band 
1 and band 3 are highly significant in describing 98% (adjusted R²) of the 
variation in the area, however, the validation of this model using the 
independent validation dataset shows that only 11% of the variation was 
described by this model. 
 
The overall results of the multiple linear regression models show that the 
rockfall characteristic area at the Clarens and Molteno Fm. ground-truthed site 
can be modelled using independent TEGP, albeit to a very limited extent.  In 
summary, the TEGP produce a validated accuracy of 0.61% and 11% for the 
rockfall characteristic bearing of LA at the Clarens and Molteno Fm. ground-
truthed sites respectively.  The TEGP could not model the rockfall 
characteristic area for the Elliot Fm. ground-truthed site.  The nClarens multiple 
linear regression model was rejected due to its poor validation accuracy. 
 
6.6.    Discussion:  Multiple linear regression models 
The multiple linear regression models for the rockfall characteristics LA, PA, 
bearing of LA, circumference, and area, produced low accuracies.  The models 
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show that rockfall characteristics can be modelled using independent TEGP, 
however, these models are not ideal for characterising rockfall from the 
imagery used.  The major limitation with the multiple linear regression models 
is likely due to the difference in resolution or scale between the ground-truthed 
rockfall measurements and the independent TEGP used.  The extent of 
difference between the resolution or scale of the independent variables and 
ground-truthed rockfalls appears to be too high, hence the poor validation 
results.  The PA multiple linear regression model produced the most accurate 
result for characterising a rockfall characteristic for the entire calibration 
sample (nAll).  The bearing of LA multiple linear regression model produced 
the most accurate result for characterising a rockfall characteristic for the 
Clarens Fm. calibration sample (nClarens).  The area multiple linear regression 
model produced the most accurate result for characterising a rockfall 
characteristic for the Molteno Fm. calibration sample (nMolteno).  Future linear 
regression modelling using TEGP’s derived from a higher resolution DEM 
could possibly yield better results.   
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Chapter 7 - Object-oriented approach for mapping 
rockfalls in the GGHNP 
 
The OBIA approach was used to classify Clarens and Molteno Fm. rockfalls 
in the study area.  The maximum circumference measurements for the Clarens 
and Molteno Fm. rockfalls in the calibration sample of the calval were used as 
threshold values in the OBIA.  The OBIA of Elliot Fm. rockfalls was excluded 
as the results for the multiple linear regression models showed no significance 
for characterising Elliot Fm. rockfalls from TEGP.  In addition to this, the box 
plots for the Elliot ground-truthed sample showed that all the mean values for 
the Elliot Fm. rockfall measurements fell well below the threshold value for 
the spatial resolution of the aerial imagery.  The physical reason that rockfalls 
originating from the Elliot Formation sandstone are not discernible in the 
aerial imagery is likely attributable to the fact that this Formation breaks down 
easily with mudstones and siltstones to weather down rapidly to a poor soil 
(Groenewald, 1986). In contrast, the light coloured Clarens and Molteno 
Formation sandstones are more detectable in the aerial imagery as they form 
larger more resilient rockfalls. 
 
7.1.    OBIA of rockfalls 
Figure 50 shows the flow diagram for the OBIA and validation approach used 
for classifying Clarens and Molteno Fm. rockfalls.  The extents of the 
sampling grids for the Clarens and Molteno Fm. ground-truthed sites were 
used to create subsets of the mosaicked aerial imagery (Figure 51).  The 
subsets were created to test and develop the OBIA rulesets for deriving 
rockfalls.  The OBIA was performed using the software package, “eCognition 
Developer 8”.   
 
7.1.1.    Multi-resolution segmentation 
Segmentation of the imagery is the first and main step in an OBIA and affects 
the overall success of the classification to a large extent (Burnett & Blaschke, 
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2003).  The heterogeneity criterion of the imagery is thresholded by choosing 
a scale factor and by fixing the weights of the RGB image bands, and 
adjusting the shape and compactness factors.  One of the main limitations 
observed with the aerial imagery is homogeneity.  The aerial imagery contains 
a red, green, and blue band only, which makes the segmentation of image 
objects by means of spectral diversity a challenge.  In addition, the rockfalls in 
the aerial imagery share very similar spectral characteristics with other image 
features (e.g. bare soils, dirt roads, and built-up areas).  Although multispectral 
imagery would have been advantageous in extracting image objects using 
spectral information, only a red, green, and blue band were available in the 
aerial imagery.  The limited spectral resolution of the aerial imagery makes 
OBIA techniques ideal for identifying rockfalls based on other criterion.  
OBIA was chosen over traditional supervised and unsupervised pixel-based 
techniques as it mimics the human cognitive interpretation process and has the 
potential to identify meaningful geomorphic processes, such as landsliding, 
using criteria based on shape, colour, texture and context, and produces results 
that are verifiable and that can easily be converted to GIS data (Benz et al., 
2004; Blaschke, 2010; Martha et al., 2012).  Measurements from the ground-
truthed rockfalls were used as threshold inputs in the segmentation step.   
 
 
Figure 50:  Flow diagram of OBIA and validation approach. 
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Figure 52 shows the results of the pixel level multi-resolution segmentation 
applied on the Clarens and Molteno subsets.  The multi-resolution image 
segmentation algorithm was used to segment image pixels into image objects.    
eCognition’s multi-resolution segmentation algorithm is a bottom up region-
merging technique starting with one-pixel objects and through  numerous 
subsequent steps, smaller image objects are merged into bigger ones (Benz et 
al., 2004).  A scale parameter of 1 was used to segment the pixels into image 
objects.  A scale parameter of 1 is the most sensitive for segmenting image 
objects.  The default shape and compactness factors were used.  The resulting 
image objects were made up of 1 to 2 pixels.  The first segmentation or pixel 
level segmentation in the OBIA was necessary for creating image objects 
which could be refined with further segmentation.  The lower the shape factor 
and compactness factor, the more sensitive the segmentation is to variations 
between pixel values (small image objects), and the larger the scale parameter, 
the more objects that can be fused and the larger the objects grow (Baatz and 
Schape, 1999).  Segmentation can be subjective and in OBIA is usually a 
reiterative process that involves changing parameters until the best 
segmentation result is achieved.  The ground-truthed measurements for the 
circumference of rockfalls were incorporated into a second multi-resolution 
segmentation in order to minimise the subjectivity of the scale parameter.  In 
this instance, the geometry of ground-truthed rockfalls was used to 
contextualise image objects.   
 
Figure 53 shows the results of the second multi-resolution segmentations 
applied on the Clarens and Molteno subsets.  The circumference of measured 
rockfalls is similar to the border length of segmented image objects.  Hence, 
the feature object (‘border length’) was used to refine image pixels into 
meaningful image objects by substituting the maximum circumference values 
for rockfalls in the calibration sample of the calval.  The second multi-
resolution segmentation allowed for the refinement of image objects produced 
during the first pixel level multi-resolution segmentation.  For the refined 
multi-resolution segmentation, a scale parameter of 10 was used.  Shape and 
compactness factors were left on their default setting of 0.1 and 0.5 
respectively.  The threshold conditions were defined as:  
 
120 
 For the Clarens subset, create image objects which have a border 
length that is less than or equal to 15.14 m (~30 pixels). 
 For the Molteno subset, create image objects which have a border 
length that is less than or equal to 7.32 m (~15 pixels). 
 
Figure 54 shows the areas of the mosaicked aerial image that were constrained 
for segmentation using a buffer layer based on the Clarens and Molteno Fm. 
sandstone lithologies.  The segmentation of the mosaicked aerial image was 
constrained to a 500 m radius around the Clarens and Molteno Fm. lithologies.  
The buffer was derived using the 1:250,000 geological vector layer for the 
study area.  The reason for constraining segmentation to a 500 m buffer was 
that potential rockfall depositing areas had to be defined in the mosaicked 
aerial imagery.  One would expect Clarens and Molteno Fm. rockfalls to occur 
within a certain proximity to their respective lithologies or rockfall source 
areas.  This was also done to avoid segmentation of areas that were not likely 
to contain Clarens and Molteno Fm. rockfalls.  
 
Areas where the Molteno Fm. buffer overlapped with the Clarens Fm. buffer 
were subtracted using the GIS tool ERASE.  The GIS tool ERASE creates a 
feature class by overlaying the Input Features with the polygons of the Erase 
Features and only those portions of the input features falling outside the erase 
features beyond boundaries are copied to the output feature class (ESRI, 
2011). 
 
7.1.2.    Rockfall feature extraction and classification 
Before proceeding with the classification of rockfalls, it was important to 
begin with defining a rockfall.  When referring to rockfalls classified from the 
aerial imagery, it is of utmost importance to consider spatial resolution.   Each 
pixel in the aerial imagery represents a 0.5 m by 0.5 m surface area.  Figure 55 
shows a schematic of the relationship between spatial resolution and rockfall 
image objects.  It is incorrect to assume that each image object is 
representative of a single rockfall.  In some instances the image object 
represents a single feature and in others a grouping or cluster of rockfalls.  
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This relationship can be understood through the Shannon sampling theorem 
(sometimes called Nyquist-Shannon sampling theorem), which states that an 
object should be in the order of one tenth of the dimension of the sampling 
scheme (the pixel) so as to ensure that it will be completely independent of its 
random position and its orientation, relative to the sampling scheme 
(Blaschke, 2010).  Thus, the relationship between the spatial resolution of the 
image and the proximity and orientation of real world features plays a role in 
how they are represented as image objects.  A classified rockfall derived 
through the OBIA can be representative of either a single rockfall or grouping 
(cluster) of rockfalls deposits. 
 
Figure 56 shows the results of the OBIA for the Clarens and Molteno subsets.  
As already mentioned before, eCognition segments pixels into homogenous 
image objects.  Once image objects are determined, image object information 
such as the mean and standard deviation of the spectral bands, shape, size, 
texture, and context become available.  In eCognition, feature objects can be 
used to determine and define the upper and lower limits of a range of image 
object characteristics.  Limits or thresholds can be defined and assigned to 
specific classes.  This was done to define the Clarens and Molteno Fm. 
rockfall classes.   
 
The feature objects’ border length (i.e. length of the image object in pixels), 
mean red (i.e. average of red spectral pixel values for the image object), mean 
green, and mean blue were used to extract rockfalls from the subsets.  Border 
length was thresholded using the maximum circumference values for rockfalls 
in the calibration sample of the calval.  The thresholds for the mean red, mean 
green, and mean blue were determined by averaging the mean spectral values 
of image objects identified as rockfalls.  The aerial imagery is not a 
multispectral image in the sense of satellite imagery, however as the aerial 
imagery is an RGB image, the mean red, mean green and mean blue could be 
ascertained.  These mean pixel values were calculated to help further 
distinguish image objects identified as rockfall.  In order to identify segmented 
image objects which might represent rockfalls, the digitised bounding 
containers vector was overlayed with the aerial image subsets and segmented 
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image objects (Figure 57).  The following thresholds were used to create the 
classification rulesets for classifying rockfalls in the Clarens and Molteno 
subsets: 
 Clarens classification ruleset:  
o Classify image objects which have a border length that is less 
than or equal to 15.14 m as Clarens rockfalls.   
o Mean red ≥ 127, Mean green ≥ 131, Mean blue ≥ 136 
 Molteno classification ruleset: 
o Classify image objects which have a border length that is less 
than or equal to 7.29 m as Molteno rockfalls.   
o Mean red ≥ 120, Mean green ≥ 122, Mean blue ≥ 130 
 
The OBIA rulesets developed for the Clarens and Molteno subsets were then 
applied to the mosaicked aerial image of the study area so that classified 
Clarens and Molteno Fm. rockfalls could be derived. The Clarens and Molteno 
Fm. rockfalls were output as polygon and point features (i.e. centroids of the 
polygon features). 
 
7.2.    Validating the OBIA rockfall points    
Using GIS query by attributes, Clarens rockfall points assigned the validation 
attribute within the calval, were selected. Then, using GIS query by location, 
Clarens rockfall points intersecting the Clarens rockfall polygons extracted 
from the OBIA were queried.  Only 1 Clarens validation rockfall point out of 
15 Clarens validation rockfall points intersected with 1 Clarens rockfall 
polygon extracted from the OBIA (Figure 58).  This means that only 6.67 % of 
the Clarens validation rockfalls in the calval could be validated with Clarens 
rockfall polygons derived from the OBIA, assuming validation by intersecting 
ground-truthed rockfall points.  The reasoning behind the Clarens validation 
rockfall points not intersecting with Clarens rockfall polygons derived from 
the OBIA may be attributable to a number of factors.  The first consideration 
is the difference between the resolution of ground-truthed rockfalls and 
rockfalls classified in the aerial imagery.  The second factor pertains to the 
orthorectification accuracy of the aerial imagery (i.e. 11 m to 1 m accuracy 
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range for a 10.5 m DEM bias resulting from 20 m vectorised contours).  These 
are factors which could likely cause misalignment between the ground-truthed 
rockfalls and rockfalls extracted from the aerial imagery during the OBIA.  A 
further query by location was performed using a proximity factor.  The mean 
LA value for rockfalls measured at the Clarens Fm. ground-truthed site was 
used to define the proximity factor.   Figure 59 shows that 5 of the 9 Clarens 
rockfalls derived from the OBIA occur within 0.97 m of the Clarens validation 
rockfall points.   
 
Using the same query by location procedure, 0 of 29 Molteno validation 
rockfall points could be validated by assuming intersection within Molteno 
rockfalls derived from the OBIA (Figure 60).  Thus, 0% of Molteno rockfall 
polygons derived from the OBIA could be validated assuming validation by 
intersection.  However, 9 of 15 Molteno rockfall polygons derived from the 
OBIA fall within 0.71 m (i.e. the mean LA value for rockfalls measured at the 
Molteno Fm. ground-truthed site) of the Molteno validation rockfall points 
(Figure 61).  The same limitations experienced in validating the Clarens Fm. 
rockfalls would also apply to the Molteno Fm. rockfalls.   
 
In order to provide a measure of the plainimetric accuracy between Clarens 
and Molteno Fm. rockfalls extracted from the OBIA, with Clarens and 
Molteno Fm. validation rockfall points, a NEAR ANALYSIS was performed.  
The NEAR ANALYSIS was performed using the points of the rockfalls 
extracted from the OBIA as the input features and the validation rockfall 
points as the near features.  The NEAR ANALYSIS GIS tool determines the 
distance from each feature in the input features to the nearest feature in the 
near features (ESRI, 2011).   
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(a) 
 
(b) 
 
Figure 51: (a) Clarens subset and (b) Molteno subset. 
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Figure 52:  (a) Results of the initial multi-resolution segmentations for the 
Clarens subset and (b) Molteno subset. 
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Figure 53:  (a) Results of the second multi-resolution segmentations for the 
Clarens subset and (b) Molteno subset. 
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5m 
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Figure 54:  500 m buffer areas defined for constraining the segmentation of Clarens and Molteno Fm. rockfalls.
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Figure 55:  Schematic representation of the relationship between spatial resolution and rockfall image objects. 
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              (a) 
 
 
              (b) 
 
Figure 56:  (a) Results of the OBIA classification for the Clarens subset and 
(b) Molteno subset. 
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(a) 
 
(b) 
 
Figure 57:  (a) Bounding containers overlayed on Clarens subset and (b) 
Molteno subset. 
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The results of the NEAR ANALYSIS for the Clarens Fm. ground-truthed site 
show that on average, the centroids for 11 Clarens rockfalls extracted from the 
OBIA fall within a distance of 2.11 m of the 62 Clarens validation rockfall 
points collected in the field.  The nearest Clarens validation rockfall point fell 
within 0.84 m of Clarens rockfalls extracted from the OBIA, and the furthest 
within 4.96 m.  Thus, the plainimetric accuracy between Clarens rockfalls 
extracted from the OBIA and Clarens validation rockfall points is on average 
2.11 m and ranges between 0.84 m and 4.96 m.  Using the horizontal and 
vertical extent of the Clarens Fm. ground-truthed site sampling grid (i.e. 15 m 
by 20 m) as a tolerance, the plainimetric accuracy falls within the tolerances of 
the sampling grid. 
The results of the NEAR ANALYSIS for the Molteno Fm. ground-truthed site 
show that on average, the centroids for 30 Molteno rockfalls extracted from 
the OBIA fall within a distance of 1.32 m of the 141 Molteno validation 
rockfall points collected in the field.  The nearest Molteno validation rockfall 
point fell within 0.13 m of Molteno rockfalls extracted from the OBIA, and 
the furthest within 7.21 m.  Thus, the plainimetric accuracy between Molteno 
rockfalls extracted from the OBIA and Molteno validation rockfall points is on 
average 1.32 m and ranges between 0.13 m and 7.21 m.  Using the horizontal 
and vertical extent of the Molteno Fm. ground-truthed site sampling grid (i.e. 
15 m by 20 m) as a tolerance, the plainimetric accuracy falls within the 
tolerances of the sampling grid. 
7.3.    Filtering OBIA misclassification 
The OBIA produced much misclassification between rockfalls and image 
objects with similar spectral and geometric characteristics.  Misclassified 
features include Clarens and Molteno Fm. sandstone outcrops and ridgetops, 
built-up areas, tarred and dirt roads, and bare ground exposed in gullies and 
flat to near flat fields.  In order to remove misclassified image objects, DEM 
derivatives, TPI and TRI, digitised vector layers, built up areas and tarred and 
dirt roads were used to filter out image objects falling within unlikely rockfall 
areas. 
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Figure 58:  Clarens validation rockfall points intersecting with Clarens 
rockfalls extracted from the OBIA.   
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Figure 59:  Clarens rockfalls extracted from the OBIA that fall within 0.97 m 
of Clarens validation rockfall points. 
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Figure 60:  Molteno validation rockfall points intersecting with Molteno 
rockfalls extracted from the OBIA.   
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Figure 61:  Molteno rockfalls extracted from the OBIA that fall within 0.71 m 
of the Molteno validation rockfall points. 
 
The first filter used the GIS tool ERASE to remove misclassified rockfall 
points falling within the built-up areas, and tarred and dirt road polygon vector 
layers (Figure 15).  The TPI was used to filter out misclassified image objects 
on ridgetops.  The OBIA produced considerable misclassified image objects at 
ridgetops.  The ridgetops represent the hilltops and cliff face of the terrain in 
the study area.  Visual interpretation of the aerial imagery and field 
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observations indicate rockfalls on the slopes adjacent to ridgetops. Hence, one 
would not expect to find rockfall deposition at ridgetops (interfluves).  The 
ground-truthed rockfall sites confirm this, located on slopes adjacent to 
ridgetops.  The TPI thematic layer was then vectorised to a polygon layer and 
the ridgetop polygon features were used to filter out misclassified image 
objects using the GIS function ERASE (Figure 62).  The TRI was used to 
filter out misclassified image objects on flat to near flat terrain such as fields.  
The TRI was vectorised to a polygon feature and misclassified image objects 
falling within level and nearly level polygons were removed using the GIS 
function ERASE.  Rockfalls are expected to occur within rockfall source areas 
which is characterised by rugged terrain (Figure 63).  Visual interpretation of 
the mosaicked aerial imagery and the location of the ground-truthed sites 
within rugged terrain polygons confirm this.   
 
7.4.    Uni- and bi-variate statistical analyses of rockfalls with 
environmental variables. 
 
Figure 64 presents the final results of the Clarens and Molteno Fm. rockfall 
points derived through the OBIA after filtering misclassified image objects 
with the TPI, TRI, digitised vector layers, built up areas, and tarred and dirt 
roads.  A total of 419,518 Clarens Fm. rockfall points and 330,635 Molteno 
Fm. rockfall points were computed after filtering.  The filtered Clarens and 
Molteno Fm. rockfall points contain some bias which stems from the OBIA.   
 
They represent image objects which were defined as rockfalls in the OBIA 
using limited ground-truthed rockfall circumference measurements as a guide 
for thresholding the multi-resolution segmentation step.  As such, the resulting 
rockfall points layer defines Clarens rockfalls which have a circumference that 
is less than or equal to 15.14 m (max. circumference value in calval), and 
Molteno rockfalls which have a circumference that is less than or equal to 7.29 
m (max. circumference value in calval). 
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Figure 62:  Ridgetop vector for the GGHNP. 
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Figure 63:  Level and nearly level vectors for the GGHNP. 
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Figure 64:  Results of the Clarens and Molteno Fm. rockfall points derived through the OBIA after filtering with the TPI, TRI, and 
digitised vector layers for built up areas and tarred and dirt roads. 
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Figure 65 shows the altitude frequency histogram for individual Clarens and 
Molteno Fm. rockfall points.  The average altitude for 419,518 Clarens Fm. 
rockfall points and 330,635 Molteno Fm. rockfall points is 1,953.52 m a.s.l 
and 1,792.83 m a.s.l respectively.  The Clarens Fm. rockfall points are 
distributed at higher altitudes in comparison to the Molteno Fm. rockfall 
points.  This is expected as the Clarens Fm. is known to overlay the Elliot Fm., 
which has an upper contact with the Molteno Fm.  Figure 66 shows the slope 
gradient frequency histogram for individual Clarens and Molteno Fm. rockfall 
points.  The average slope gradient for 419,518 Clarens Fm. rockfall points 
and 330,635 Molteno Fm. rockfall points is 24.63° and 20.14° respectively.  
The majority of Clarens and Molteno Fm. rockfall points are distributed on 
slope gradients between 20° – 30°. 
  
The following section describes the distribution of the Clarens and Molteno 
Fm. rockfall points derived through the OBIA, with univariate frequency 
histograms in relation to thematic classes defined for the environmental 
variables which include altitude, slope aspect, slope, slope unit, distance to 
lithology, and distance to drainage lines.  In addition to this, ANN spatial 
pattern analysis of the Clarens and Molteno Fm. rockfall points is described 
for the whole study area and per thematic classes defined within the 
environmental variables. The frequency distribution and ANN spatial pattern 
analysis results are then compared to Hardwick’s (2012) analyses of rock 
movement deposits in the Bushman’s Nek region of the southern Drakensberg, 
and are also discussed within a global context to other rockfall studies. 
 
7.4.1.    Defining the distance to lithology and drainage lines 
It was necessary to define the environmental variables for distance to lithology 
and drainage lines.  Distance to lithology and drainage lines were not 
previously defined in section 4.3, as the results from the OBIA were required 
to establish which of the Fm. sandstones would be included for the frequency 
distribution and ANN spatial pattern analyses.  The environmental variables 
distance to drainage lines and lithology were established by creating proximity 
bands of varying distance using the GIS BUFFER tool.    
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Figure 65:  Altitude frequency histogram of Clarens and Molteno Fm. rockfall points. 
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Figure 66:  Slope gradient frequency histogram of Clarens and Molteno Fm. rockfall points.
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The thematic classes for distance to drainage lines are defined as follows 
(Figure 67): 
  0 – 25 m 
  25 – 50 m 
  50 – 75 m 
  75 – 100 m 
  100 – 150 m 
  150 – 300 m 
  300 m > 
Figure 68 and Figure 69 show the thematic classes for distance to Clarens and 
Molteno Fm. sandstone lithology, respectively.  The environmental variable, 
distance to lithology is defined as the proximity of rockfalls points to 
Clarens/Molteno Fm. sandstone rock exposures.  These rock exposures were 
taken from the 1:250,000 geological vector layer of the study area.  In essence, 
the rock exposures are representative of rockfall source areas.  The thematic 
classes for distance to lithology are defined as follows: 
  0 – 25 m 
  25 – 50 m 
  50 – 75 m 
  75 – 100 m 
  100 – 150 m 
  150 – 300 m 
    300 – 500 m 
7.4.2.    Frequency distribution, information value, average nearest 
neighbour and point density 
Figures 70 and 71 show the frequency histograms for the environmental 
variables of the Clarens and Molteno Fm. rockfall points respectively.  
Frequency histograms of the environmental variables were created to show the 
frequency distribution of Clarens and Molteno Fm. rockfall points as a 
percentage of each thematic class.  The frequency histograms were calculated 
by querying in ArcMap 10.1, the count of rockfall points (dependent variable) 
falling within each thematic class (independent environmental variable).  The 
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rockfall point count for each thematic class was then calculated as a 
percentage of the total number of rockfall points within each thematic layer. 
 
Table 13 shows the comparison of the frequency distributions and Information 
Value (InfoVal) weights for the Clarens and Molteno Fm. rockfall points.  The 
interpretation of univariate techniques, such as frequency histogram which are 
used to predict or weight independent variables, is complicated, and can only 
provide information on one of the independent variables, failing to show the 
influence of a range of input variables (Hardwick, 2012).  The InfoVal is a 
data driven weighting approach which determines the ratio of the number of 
mass movement features (such as landslides) within a thematic class to the 
area of that particular thematic class (Yin & Yan, 1988; van Westen, 1997; 
Zezere, 2002; Saha et al., 2005; Vijith et al., 2009; Hardwick, 2012; Bhandary 
et al., 2013; Hua-xi & Kun-long, 2014).  InfoVal is a bivariate statistical 
method which has been used as an indirect approach for assessing landslide 
susceptibility in an objective way (Vijith et al., 2009).  Hardwick (2012) used 
the InfoVal to weight independent variables, thus showing the influence of a 
range of input variables, noting that although this method better represents the 
distribution of mass movement features than a frequency distribution, it cannot 
be used to describe causality between the variables.   
 
The InfoVal for each thematic class of the independent variables was 
calculated using the following equation adapted to represent rockfalls instead 
of landslides (after van Westen, 1997; Saha et al., 2005; Vijith et al., 2009; 
Kundu et al., 2011; Hardwick, 2012; Hua-xi & Kun-long, 2014):   
 
      
                   
                  
       
        
        
                     
 
   
 
   
   
 
where, Wi is the weight for the i
th
 thematic class of a particular thematic layer 
(i.e., environmental variable), Rockfalls per class is the rockfall density within 
a thematic class, Rockfalls in layer is the rockfall density within the entire
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Figure 67:  Distance to drainage lines vector layer for the GGHNP. 
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Figure 68:  Distance to Clarens Fm. sandstone vector layer for the GGHNP. 
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Figure 69:  Distance to Molteno Fm. sandstone vector layer for the GGHNP. 
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thematic layer, Npix (Si) is the number of rockfall pixels in a certain thematic 
class, Npix (Ni) is the total number of pixels in a certain thematic class, and n 
is the number of classes in the thematic layer.   The natural logarithm (ln) is 
used to take care of the large variation in the weights (Saha et al., 2005).  The 
frequency distributions and InfoVal were ranked according to their highest 
values and then compared. 
 
ANN was used to analyse the spatial pattern of the Clarens and Molteno Fm. 
rockfall points (i.e. clustered or dispersed).  ANN calculates a nearest 
neighbour index based on the average distance from each feature to its nearest 
neighbouring feature (ESRI, 2011).  The ANN ratio is given as:  
 
Where is the observed mean distance between each feature and their 
nearest neighbour, and  the expected mean distance for the features given 
a random pattern.  When the is less than the (i.e. < 1), the pattern 
exhibits clustering.  When the is greater than the (i.e. > 1), the trend 
is toward dispersion (ESRI, 2011) (Figure 72).  The ANN was calculated 
using Euclidean distance (i.e. the straight line distance between 2 points).  
Figure 73 shows graphs of the observed mean distance for Clarens Fm. 
rockfalls at each of the classes defined in the environmental variables.  Figure 
74 shows graphs of the observed mean distance for Molteno Fm. rockfalls at 
each of the classes defined in the environmental variables.  The observed 
mean distance was graphed to observe the relationship between the average 
distances of Clarens/Molteno Fm. rockfalls in relation to the different classes 
defined for each of the environmental variables.   
 
The POINT DENSITY GIS tool produces a surface density raster which is the 
calculated density of point features around each output raster cell.  Density 
surface rasters show where points are concentrated.  The neighbourhood is 
defined around each raster cell center, and the number of points that fall within  
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Figure 70:  Histograms of the environmental variables for the Clarens Fm. 
rockfalls derived through the OBIA. 
the neighbourhood is totalled and divided by the area of the neighbourhood 
(ESRI, 2011).  The neighbourhood radius determines the shape of the area 
around each cell that is used to calculate the density value.  The default 
circular neighbourhood radius was used and is defined as the shortest of the 
width or height of the extent of the input point features, in the output spatial 
reference, divided by 30.  The larger the value of the neighbourhood radius, 
the more generalised the surface density raster and the smaller the value of the  
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Figure 71:  Histograms of the environmental variables for the Molteno Fm. 
rockfalls derived through the OBIA. 
 
neighbourhood radius the more detail that will be produced in the surface 
density raster. An area unit scale factor was selected for the output density 
values as the rockfall points were defined in a meter projection (UTM 35 
south).   
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Thematic 
layer 
(Env. 
Variable) 
Class 
Clarens Fm. rockfalls Molteno Fm. rockfalls 
Area 
(%) 
Frequency 
of rockfalls 
(%) 
InfoVal 
Area 
(%) 
Frequency 
of rockfalls 
(%) 
InfoVal 
A
lt
it
u
d
e 
(m
) 
1600 - 1800 24.47 4.29 -1.74 24.47 53.05 0.77 
1800 - 2000 41.27 66.46 0.48 41.27 45.62 0.10 
2000 - 2200 24.56 27.61 0.12 24.56 0.00 $ 
2200 - 2400 7.44 1.60 -1.53 7.44 0.00 $ 
2400 - 2600 1.99 0.04 -4.04 1.99 0.00 $ 
2600 - 2800 0.26 0.00 $ 0.26 1.32 1.61 
A
sp
ec
t 
(d
eg
re
es
) 
N 15.11 19.42 0.25 15.11 16.83 0.11 
NE 15.52 15.98 0.03 15.52 12.90 -0.19 
E 14.83 10.97 -0.30 14.83 11.24 -0.28 
SE 10.50 4.34 -0.88 10.50 3.91 -0.99 
S  6.93 2.87 -0.88 6.93 4.08 -0.53 
SW 7.54 6.15 -0.20 7.54 7.29 -0.03 
W 12.41 16.67 0.30 12.41 18.45 0.40 
NW 17.15 23.60 0.32 17.15 25.30 0.39 
S
lo
p
e 
(d
eg
re
es
) 0 - 8 37.84 0.09 -6.03 37.84 0.11 -5.85 
8 - 18 29.47 23.59 -0.22 29.47 42.73 0.37 
18 - 29 21.87 49.77 0.82 21.87 50.63 0.84 
29 - 62 10.82 26.55 0.90 10.82 6.53 -0.50 
S
lo
p
e 
u
n
it
 
CC 23.74 37.07 0.45 23.74 30.45 0.25 
CCx 28.78 30.79 0.07 28.78 32.28 0.11 
CxC 29.72 18.93 -0.45 29.72 19.04 -0.45 
CxCx 17.75 13.21 -0.30 17.75 18.23 0.03 
D
is
ta
n
ce
 t
o
 
C
la
re
n
s/
M
o
lt
en
o
 
li
th
o
lo
g
y
 (
m
) 
0 - 25 45.80 51.78 0.12 44.64 51.28 0.14 
25 - 50 3.60 3.87 0.07 3.70 5.91 0.47 
50 - 75 3.59 4.17 0.15 3.73 5.54 0.39 
75 - 100 3.56 4.01 0.12 3.75 5.19 0.32 
100 - 150 6.94 7.35 0.06 7.33 8.20 0.11 
150 - 300 18.94 16.49 -0.14 19.10 16.32 -0.16 
300 - 500 17.56 12.33 -0.35 17.62 7.56 -0.85 
D
is
ta
n
ce
 t
o
 
d
ra
in
a
g
e 
li
n
es
 (
m
) 0 - 25 3.02 1.40 -0.77 3.02 0.65 -1.54 
25 - 50 3.00 3.33 0.11 3.00 2.06 -0.37 
50 - 75 2.98 3.68 0.21 2.98 3.33 0.11 
75 - 100 2.98 3.07 0.03 2.98 3.98 0.29 
100 - 150 5.93 5.49 -0.08 5.93 8.51 0.36 
150 - 300 17.59 14.69 -0.18 17.59 23.86 0.31 
300> 64.51 68.34 0.06 64.51 57.61 -0.11 
Table 13:  Comparison of the frequency distributions and InfoVal weights for the 
Clarens and Molteno Fm. rockfall points.  Bold values indicate the highest value in 
class, and colour indicates variables with the greatest frequency. 
 
Figure 72:  Graphic showing the difference between dispersed and clustered 
point features (ESRI, 2011). 
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Figure 73:  Observed mean distance of Clarens Fm. rockfalls in relation to the 
classes defined for the environmental variables. 
 
Figure 75 and 76 show the results of the surface density rasters for the Clarens 
and Molteno Fm. rockfall points respectively.  Table 14 describes the count 
and average number per Km² of Clarens and Molteno Fm. rockfall points 
occurring in each of the density classes in the study area.  For this study, the 
density of Clarens and Molteno Fm. rockfall points per Km² was determined.   
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Figure 74:  Observed mean distance of Molteno Fm. rockfalls in relation to 
the classes defined for the environmental variables. 
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class to determine the number of rockfalls occurring within a Km² (i.e. 
hypothetical perfect square with equal lengths of 31.62278 m) using the 
following population density equation: 
 
                  
                                     
                            
 
 
In order to determine the location of the study area where rockfall points are 
on average most densely distributed, the mean center was determined.  The 
mean center for the Clarens and Molteno Fm. rockfall points was calculated 
using the MEAN CENTER GIS tool, which identifies the geographic center 
(or the center of concentration) for a set of point features.   
 
  7.4.2.1.    Results and discussion: Average nearest neighbour 
The ANN for the 419,518 Clarens Fm. rockfall points using Euclidean 
distance is 0.259409 (z-score: -917.665639).  An ANN value of less than 1 
suggests that the data exhibit clustering and the z-score suggests that there is 
less than 1% likelihood that clustering is the result of random chance.  It is 
therefore likely that the Clarens Fm. rockfall points are clustered in response 
to various environmental variables.  The observed mean distance between 
each Clarens Fm. rockfall point and its neighbour (N=1) is 4.41 m.  The ANN 
for the 330,635 Molteno Fm. rockfall points using Euclidean distance is 
0.121624 (z-score: -966.241371).  It is therefore likely that the Molteno Fm. 
rockfall points are clustered in response to various environmental variables.  
The observed mean distance between each Molteno Fm. rockfall point and its 
neighbour (N=1) is 2.18 m. The ANN results for the rockfall points in this 
study relate to the ANN results observed for rockfall points digitized in the 
Bushmen’s Nek region of the southern Drakensberg which also found rockfall 
points to be clustered in response to various environmental variables 
(Hardwick, 2012).  
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Altitude classes where Clarens and Molteno Fm. rockfall points were 
observed, show that the rockfalls points have a clustered spatial pattern.  The 
observed mean distance for Clarens Fm. rockfalls was observed to show a 
positive relationship with altitude.  This suggests that Clarens Fm. rockfalls 
cluster more closely in relation to each other as altitude increases.  A 
relationship between the observed mean distance of Molteno Fm. rockfalls and 
altitude could not be established as rockfalls were not present at the altitude 
classes between 2000 and 2200 m a.s.l, 2200 and 2400 m a.s.l, and 2400 and 
2600 m a.s.l. 
 
The ANN results for the Clarens and Molteno Fm. rockfall points at all of the 
slope aspect classes show a clustered spatial pattern.  The observed mean 
distance between each Clarens/Molteno Fm. rockfall point and its neighbour 
was observed to increase towards south-facing slopes (135° - 180°).  Hence, 
the distances between clustered rockfalls is higher on south-facing slopes and 
lower on north-facing slopes.  This is possibly attributable to more active 
slope weathering processes on the north-facing slopes.   
 
The Clarens and Molteno Fm. rockfall points possess a clustered spatial 
pattern for all slope gradient classes.  The observed mean distance for Clarens 
and Molteno Fm. rockfall points at the different slope gradient classes were 
found to be highly correlated (0.99) and decreases with an increase in slope 
gradient. This suggests that the Clarens and Molteno Fm. rockfalls are more 
closely clustered on the steeper slopes. 
 
The ANN results for Clarens and Molteno Fm. rockfall points show a 
clustered spatial pattern at all slope units (i.e. CC, CCx, CxC CxCx).  The 
observed mean distance for Clarens Fm. rockfall points is observed to be 
lowest at the CC slope unit, and highest at the CxCx slope unit.  The observed 
mean distance for Molteno Fm. rockfall points was observed to be highest at 
the CC slope unit and lowest at the CCx slope unit.  This suggests that Clarens 
and Molteno Fm. rockfalls are clustered more closely on the slope units where 
they occur most frequently, and further apart on slope units where they occur 
less frequently. 
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The ANN results for the Clarens and Molteno Fm. rockfall points show that 
there is clustered spatial patterning at all distances to lithology classes and an 
increase in the observed mean distance is observed as the distance to lithology 
increases.  This suggests that the Clarens and Molteno Fm. rockfalls closest to 
their respective lithology (or ‘rock exposures’) cluster more closely in relation 
to one another. 
 
The ANN results for the Clarens and Molteno Fm. rockfall points show that 
there are clustered spatial patterns at all distance to drainage line classes.  The 
observed mean distance for the Clarens and Molteno Fm. rockfall points was 
observed to decrease with an increase in the distance to drainage lines. 
 
7.4.2.2.    Results and discussion: Frequency distribution 
The highest frequency of Clarens and Molteno Fm. rockfall points are 
distributed between 1800 and 2000 m a.s.l (66%), and 1600 and 1800 m a.s.l 
(53%) respectively.  No Clarens Fm. rockfall points were found distributed 
between 2200 and 2400 m a.s.l, and 2600 and 2800 m a.s.l.  This is most likely 
due to the presence of Drakensberg Basalt ridges capping the Clarens 
Formation.  Clarens Fm. rockfall points are distributed at higher altitudes 
(1800 - 2400 m a.s.l) in comparison with Molteno Fm. rockfalls (1600 - 2000 
m a.s.l).  This is expected as the Clarens Fm. sandstone is known to have an 
upper contact with the Molteno Fm. sandstone.  There was no significant 
correlation observed between the frequency distribution of Clarens and 
Molteno Fm. rockfall points in relation to altitude.  The high frequency 
distribution of the Clarens Fm. rockfall points between 1800 and 2000 m a.s.l 
compares well with the frequency distribution results of rockfalls in the 
Bushmen’s Nek region of the southern Drakensberg (~40%) (Hardwick, 
2012).   
 
Altitude has a very important influence on rockslopes globally, especially in 
mountainous regions where the difference in altitude is highly significant to 
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the types of slope weathering experienced and the geomorphic landforms that 
result.  In southern Africa, particularly the Drakensberg and Lesotho 
Highlands, a considerable amount of work has been devoted to understanding 
slope weathering processes and landforms in these mountainous regions 
(Grab, 1999; Boelhouwers & Meiklejohn, 2002; Boelhouwers & Sumner, 
2003; Grab et al., 2009; Mills et al., 2009; Sumner et al., 2009; Grab, 2010).  
The High Drakensberg, Lesotho mountains, and Western Cape mountains are 
present day examples of frost environments.  The strength of freeze-thaw 
cycles and humidity from rain or snowfall will cause rock disintegration and 
fragment detachment on rocky slopes to increase especially at higher altitudes 
(Gardner, 1983).   
 
Amongst the environmental factors affecting rockfall, those related to climate 
are especially relevant.  For instance, the role of climate change in the 
distribution and incidence of rockfalls is becoming increasingly relevant.  
Temporal analyses of rockfalls at 56 sites with slope failures between 1900 
and 2007 in the central European Alps, show an increase in frequency within 
the last decades, fuelling ongoing debate on the effects of changes in the high-
mountain cryosphere on rockfall and rock avalanche activity (Fischer et al., 
2012).  With regards to mapping rockfall distributions in relation to altitude, 
rockfall susceptibility mapping at the Cantabrian Mountains of northern Spain 
have shown that the maximum frequency distribution of rockfalls is on slopes 
of between 1500 and 1700 m a.s.l, and that increases in rockfall activity with 
elevation can be correlated mainly with climatic factors (Menéndez Duarte & 
Marquinez, 2002).  In Val di Fassa (Italy), rockfall modelling has shown that 
areas more prone to rockfall activity are those located in correspondence with 
the highest portions of the region, proving aspect and elevation parameters to 
be important indicators of micro-climatic conditions (Frattini et al., 2008).  
Similar findings in the Colorado Front Range show that slope height and 
aspect are significant parameters for a rapid, preliminary indication of rockfall 
potential (Santi et al., 2009). 
 
The highest frequency of Clarens and Molteno Fm. Rockall points are 
distributed on northwest-facing slopes (24% and 25% respectively).  The 
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frequency distribution of Clarens and Molteno Fm. rockfall points in relation 
to slope aspect was observed to be highly correlated (0.97) with one another.  
The high correlation value observed for the rockfall frequency distributions of 
Clarens and Molteno Fm. rockfall points with regards to slope aspect, shows a 
strong trend toward north-facing slopes, which are known to receive more 
solar radiation than other slope aspects in the southern hemisphere, leading to 
more active slope weathering processes (Mills et al., 2009; Grab & Mills, 
2011).   
 
Slope aspect is strongly determined by the dominant geological structure of a 
region.   Rockfall susceptibility mapping at the Cantabrian Mountains of 
northern Spain has shown the Salience Syncline to be the main determinant for 
the high frequency of slopes with north-east or south-west orientations 
(Menéndez Duarte & Marquinez, 2002).  The wealth of evidence for slope 
aspect as a significant indicator of micro-climatic conditions is abundant.  
Evidence from studies of rockfalls in the northern hemisphere have shown 
slope aspect to play an important role in rockfall susceptibility, as south-facing 
slopes experience far more freeze-thaw cycles annually than north-facing 
slopes (Flatland, 1993; Watters, 1998).  For instance, studies on rockfall 
events in the Central European Alps have found evidence linking an increase 
in rockfall events to extremely warm periods (Ravanel & Deline, 2011; 
Fischer et al., 2012; Huggel et al., 2012) and it is thought unlikely that these 
events were a consequence of earthquakes.  The opposite is of course true for 
the southern hemisphere where north-facing slopes receive more solar 
radiation.  Studies for mountainous regions in the southern hemisphere have 
shown the evolution of geomorphic landforms and processes to be more 
pronounced on south-facing slopes (Mulder & Grab, 2002; Grab, 2007; Grab 
et al., 2009; Mills et al., 2009; Grab, 2010).  For instance, an analysis of rock 
temperatures measured in Lesotho found significant variations in temperature 
between north- and south-facing slopes such that north-facing slopes 
experience 35 times fewer freezing days than south-facing slopes (Grab, 
2007).   
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The highest frequency of Clarens and Molteno Fm. rockfall points are 
distributed on slope gradients of 18° - 29°.  The frequency distribution of 
rockfall points at the steepest slope gradient class, 29° - 62°, was observed to 
be Clarens Fm. sandstone.  This could, in part, be attributed to the fact that the 
Clarens Fm. sandstone overlies the Molteno Fm. sandstone.  In general, 
steeper slopes exhibit more frequent rockfalls, as a consequence of gravity 
effects (Antoniou & Lekkas, 2010).  Slopes of ~30° and ~85° are known to 
produce rockfalls with the largest runout distances (Maerz et al., 2005).   This 
is due to the fact that steeper slope gradients generate higher levels of rock 
slope instability (Roering & Kirchner, 2001).  The high frequency distribution 
of rockfalls on slope gradients between 18º - 29º compares well with the 
frequency distribution of rockfalls on slope of 20º - 30º in Bushmen’s Nek 
(~38%).  In addition to this, the results for the frequency distribution of 
rockfalls on slope gradients between 18º - 29º compares well with values for 
shadow angles of rockfalls in Sol`a d’Andorra la Vella, Central Pyrenees 
(Copons et al., 2009).  The shadow angle is defined as the dipping of the 
energy line which connects the apex of the talus slope to the furthest fallen 
boulder (Evans & Hungr, 1993).  The slope gradient of the Clarens and 
Molteno Fm. rockfall points exemplify the shadow angle as the rockfall points 
represent the furthest runout distance of the rockfalls. 
 
The frequency distribution of Clarens Fm. rockfall points was observed to be 
highest at CC (33%) or sloping closed basins which have a concave lateral and 
vertical profile.  The frequency distribution of Molteno Fm. rockfall points 
was observed to be highest at CCx (32%) or sloping recessing hills which 
have a concave lateral profile and convex vertical profile.  Clarens and 
Molteno Fm. rockfall points were observed to be least distributed on CxCx 
(13% and 18% respectively) or sloping inflated hills which have a convex 
lateral and vertical profile.  The frequency distribution of Clarens and Molteno 
Fm. rockfall points on CC, CCx, CxC, and CxCx slope units was highly 
correlated (0.93). 
 
Studies analysing landforms such as rockfalls in relation to slope units are 
very limited in southern Africa. However, Hardwick (2012) has shown the 
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frequency distribution of rockfalls in the Bushmen’s Nek region of southern 
Africa to be highest on CxCx or sloping inflated hills.  The CxCx slope unit is 
usually associated with slope failures which involve a mixture of landslides 
and rock falls, and have biconcave slip surfaces (Ayalew & Yamagishi, 2004). 
 
In contrast, Clarens and Molteno Fm. rockfall points were observed to be least 
distributed on CxCx slope units.  The Molteno Fm. rockfall points were found 
to be most highly distributed on CCx slope units which are commonly 
adjacent to their CxCx counterparts. 
 
The Clarens Fm. rockfall points were found to be most highly distributed on 
CC slope units closely followed by CCx slope units.  CC slope units are 
characteristic of landscapes where many retrogressive upward-propagating 
landslides can be found occurring (Ayalew & Yamagishi, 2004).  The 
differences observed in the frequency distributions for rockfalls of the 
southern Drakensberg and GGHNP in relation to slope units, might be varied 
due to the differences between the landscapes of the regions which are largely 
determined by the underlying geology.    
 
The frequency distribution of Clarens and Molteno Fm. rockfall points was 
observed to be highest at a distance of 0 – 25 m to Clarens and Molteno Fm. 
sandstone lithologies and highly correlated (0.99) with one another.  The 
frequency of Clarens and Molteno Fm. rockfalls was observed to be highest 
where there are exposed Clarens and Molteno Fm. sandstone outcrops.  The 
lithologies mapped in the 1:250,000 geological vector layer were not only 
representative of the outcrops, but also included the slopes adjacent to exposed 
outcrops.  Hence, the high frequency distribution of Clarens and Molteno Fm. 
rockfall points at the distance to lithology class, 0-25 m. 
 
The high frequency distribution of Clarens and Molteno Fm. rockfalls within 0 
– 25 m of the Clarens and Molteno sandstone lithologies or rock exposures 
suggests that most rockfalls do not travel far from their source areas.  This 
result compares well with the frequency distribution of rockfalls in Bushmen’s 
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Nek which was found to be highest at 0 - 25 m of a rock exposure (~53%) 
(Hardwick, 2012). 
 
The frequency distribution of Clarens and Molteno Fm. rockfall points was 
observed to be greatest at distances greater than 300 m to drainage lines (68% 
and 58% respectively).  The frequency distribution results for Clarens and 
Molteno Fm. rockfall points in relation to distance to drainage lines were 
found to be highly correlated (0.98) with one another.  In contrast Hardwick 
(2012) found ~36% of rockfalls to be within 25 m of drainage lines, 
suggesting that the drainage lines function as topographic lows collecting 
displaced material.  This contrast may suggest that drainage lines play less of a 
role in influencing rockfall distribution in the GGHNP as compared to the 
rockfalls in the Bushmen’s Nek region of the southern Drakensberg. 
 
7.4.2.3.    Results and discussion: Information value 
Finally, the comparison of the frequency distribution and InfoVal weights for 
the rockfall points were examined to infer the relationship between the 
thematic class with the highest frequency distribution of rockfalls, and the 
thematic class with the most influence on the frequency distribution of 
rockfalls.  The comparison of the frequency distribution and InfoVal weights 
for the Clarens Fm. rockfalls indicate that rockfalls are most frequent at 
distances greater than 300 m to drainage lines and most greatly influenced by 
very steep slope gradients between 29° – 62°.  The comparison of the 
frequency distribution and InfoVal weights for the Molteno Fm. rockfalls 
indicate that rockfalls occur most frequently at distances greater than 300 m to 
drainage lines and are most greatly influenced by high altitudes of between 
2600 and 2800 m a.s.l.  This result may be unlikely as Drakensberg Basalt is 
typically found occurring at 2600 and 2800 m a.s.l.  In contrast, the InfoVal 
results for rockfalls in the Bushmen’s Nek region of the southern Drakensberg 
were found to be most attributable to distances of 0 – 25 m of rock exposures.   
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7.4.2.4.    Results and discussion: Point density 
The mean center of the Clarens Fm. rockfall points shows that rockfalls are 
concentrated at UTM coordinates X: 660935.184823 Y: 6847357.7548 (mean 
center of rockfall concentration) near Wonderhoek.  The population density 
equation of Clarens Fm. rockfall points found that there are an average of 0.77 
rockfalls per Km² in the low surface density class, 1.8 rockfalls occurring per 
Km² in the moderate surface density class, 3.13 rockfalls occurring per Km² in 
the high surface density class, and 4.55 rockfalls occurring per Km² in the very 
high surface density class.  On average, ~2 Clarens Fm. rockfalls are found per 
Km² of the entire study area.  There are a number of regions in the study area 
where Clarens Fm. rockfalls occur at very high densities (~5 Clarens Fm. 
rockfalls per Km²).  The very high density polygons for Clarens Fm. rockfalls 
were named according to the overlapping historical farm names inherited in 
the study area.  The names of the farms were captured from 1:50,000 
topographic maps of the study area.  The very high Clarens Fm. rockfall 
density regions include: 
 
 Bos en Dal, Suikerboorand, Waterval, and Witkop in the north-west 
region of the GGHNP (Figure 77). 
 Wilgerhof, and Noordbrabant in the western region of the GGHNP 
(Figure 77). 
 Avondrust in the northern region of the GGHNP (Figure 78). 
 Wonderhoek in the central part of the GGHNP. (Figure 77, 78 & 79). 
 Twijfel Hoek (or Silasberg), and Klipfontein in the eastern part of the 
GGHNP (Figure 78, 79). 
 General Will, Doncaster, Toss Line, and Highlands in the southern part 
of the GGHNP (Figure 77). 
 
The Wonderhoek region was found to possess the largest area of very high 
density rockfalls.  A near analysis of the very high density regions with park 
infrastructure was calculated to infer the region of the study area most 
vulnerable to Clarens Fm. rockfalls.  The near analysis for buildings in the 
park found that the distances to very high density rockfall regions range from 
 
163 
0 to 3.8 Km.  The average near distance of buildings to very high density 
rockfall regions is 1.37 Km.  The near analysis for tarred and dirt roads in the 
park found that the distances to very high density rockfall regions range from 
0 to 3.12 Km.  The average near distance of buildings to very high density 
rockfall regions is 1.1 Km.  Buildings and roads located at or near Wilgerhof 
were found to have the greatest potential risk to Clarens Fm. rockfalls (Figure 
78).  Overall, the average near distance of buildings to very high density 
rockfall regions suggests that the buildings of the park are in no real danger of 
Clarens Fm. rockfalls.  Although tourist accommodation sites such as the 
Brandwag hotel and Glen Reenen camp possess no real threat to Clarens Fm. 
rockfalls, anthropogenic outdoor activities could potentially be impacted by 
infrequent rockfall hazards.  Footpaths or hiking trails located within or near 
very high density Clarens Fm. rockfall regions should consider potential 
rockfall threat.   
 
The mean center of the Molteno Fm. rockfall points shows that rockfalls are 
concentrated at UTM coordinates X: 667278.241286 Y: 6849663.78046 
(mean center of rockfall concentration), near Riet Spruit.  The population 
density equation of Molteno Fm. rockfall points found that there are an 
average of 2.13 rockfalls per Km² in the low surface density class, 4.12 
rockfalls per Km² in the moderate surface density class, 7.47 rockfalls per Km² 
in the high surface density class, and 14.55 rockfalls per Km² in the very high 
surface density class.  On average, 4 Molteno Fm. rockfalls are found per Km² 
for the entire study area.  Only one region in the study area was found to have 
very high densities of Molteno Fm. rockfalls (~15 Clarens Fm. rockfalls per 
Km²).  The very high density polygon for Molteno Fm. rockfalls was named 
according to the overlapping historical farm name inherited in the study area.  
The name of the farm was captured from a 1:50,000 topographic map of the 
study area and is namely: 
 
 Schuinskop or the Skuinskop Mountain, located in the north-eastern 
part of the GGHNP (Figure D). 
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Schuinskop is located in a very remote region of the park and no 
anthropogenic activities such as camping and hiking is permitted there.  A 
near analysis shows that the closest infrastructure to Schuinskop is 585.31 m.   
 
Surface 
density 
class 
Clarens Fm. rockfall points Molteno Fm. rockfall points 
Count 
Area 
(Km²) 
Ave. Rockfalls 
per Area Km² 
Count 
Area 
(Km²) 
Ave. Rockfalls 
per Area Km² 
Low 58393.00 76150.68 0.77 97483.00 45865.23 2.13 
Moderate 112283.00 62451.03 1.80 114284.00 27750.58 4.12 
High 151716.00 48457.57 3.13 82624.00 11056.24 7.47 
Very high 96309.00 21165.51 4.55 35590.00 2446.10 14.55 
Total 418701.00 208224.79 2.01 329981.00 87118.15 3.79 
 
Table 14:  Count, and average number per Km² of Clarens and Molteno Fm. 
rockfall points occurring in each of the density classes for the study area.  
Bold values indicate the density class with the highest occurrence of rockfall 
points per Km² and colour indicates the Formation with the greatest 
occurrence of rockfall points per Km² for the entire study area.   
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Figure 75:  Surface density raster for Clarens Fm. rockfall points. 
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Figure 76:  Surface density raster for the Molteno Fm. rockfall points. 
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Figure 77:  Very high density Clarens Fm. rockfall regions for the GGHNP, which include: Bos en Dal, Suikerboorand, Waterval, Witkop, 
Wonderhoek, Wilgerhof, and Noordbrabant. 
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Figure 78:  Very high density Clarens Fm. rockfall regions for the GGHNP, which include: Avondrust, Wonderhoek, Twijfel Hoek (or the 
Silasberg), and Klipfontein. 
 169 
 
Figure 79:  Very high density Clarens Fm. rockfall regions for the GGHNP, which include: Wonderhoek, General Will, Twijfel (or the 
Silasberg), Klipfontein, Doncaster, Toss Line, and Highlands. 
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Figure 80:  Potential very high risk Clarens Fm. rockfall areas at Wilgerhof, GGHNP. 
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Chapter 8 - Conclusion 
 
This study on rockfalls in the GGHNP shows the potential of remote sensing 
and GIS techniques to be used for extracting rockfall characteristics from 
remotely sensed imagery and analysing them in relation to topographic 
variables derived from remotely sensed imagery.  The validation of ground-
truthed rockfalls with classified rockfalls proved challenging given the 
differences in resolution between field measurements and the remotely sensed 
imagery.  One of the major constraints experienced with validating classified 
rockfalls was that many of the ground-truthed rockfall samples had LA or PA 
measurements that were less than or equal to the spatial resolution of the aerial 
imagery (i.e. 0.5 m).  The validation of rockfalls derived in further OBIA with 
ground-truthed rockfalls could be improved in future by increasing the scale of 
sampling sites and the amount of rockfalls sampled.  In addition to this, 
canonical analysis or multivariate multiple regression analysis could be used 
to interpret the extent of similarity between image objects representing 
rockfalls with the extents of actual ground-truthed rockfalls.   
 
Another major limitation noted in this study is that the use of environmental 
variables derived through a 20 m DEM is not ideal for the assessment of 
micro-scale rockfall features and is more ideally suited to the analysis of 
macro-scale landforms.  The creation of a very high spatial resolution DEM 
would provide a more accurate and representative analysis of micro-scale 
rockfalls in relation to environmental variables. 
 
The use of multiple linear regression modelling to examine whether or not 
ground-truthed rockfalls in the GGHNP can be validated with remotely sensed 
imagery shows that rockfall characteristics LA, PA, bearing of LA, area, and 
circumference can be modelled using independent TEGP, albeit to a very 
limited extent.  The major constraint for these models is likely consequential 
to the difference between the coarse resolution of the remotely sensed imagery 
and the ground-truthed rockfalls.  The extent of difference between the 
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resolution of the independent variables and ground-truthed rockfalls appears to 
be too high, hence the poor validation results.  The PA multiple linear 
regression model produced the most accurate result for characterising a 
rockfall characteristic for the entire calibration sample (nAll).  The bearing of 
LA multiple linear regression model produced the most accurate result for 
characterising a rockfall characteristic for the Clarens Fm. calibration sample 
(nClarens).  The area multiple linear regression model produced the most 
accurate result for characterising a rockfall characteristic for the Molteno Fm. 
calibration sample (nMolteno).  The multiple linear regression results for the 
Elliot Fm. calibration sample were found to be inconclusive and as a result this 
meant that the Elliot Fm. was excluded from the OBIA.  
 
OBIA of Clarens and Molteno Fm. rockfalls was developed for the GGHNP 
using the circumference measurements of ground-truthed rockfalls to guide 
the segmentation of rockfalls into meaningful image objects.  Univariate 
statistics such as the frequency distribution of Clarens and Molteno Fm. 
rockfall points were analysed in conjunction with environmental variables 
(thematic layers) derived from a 20 m DEM and 1:250,000 geological vector 
layer of the study area which include altitude, slope aspect, slope gradient, 
slope units, distance to drainage lines and lithology (rock exposure).   
 
Frequency histogram univariate statistical techniques were originally intended 
to compare the distribution of Clarens and Molteno Fm. rockfalls in relation to 
the different environmental variables. However, when the frequency of 
rockfalls within a thematic class was normalised using the area of the 
environmental variable, it became apparent that the frequency distributions 
were not reliable.  InfoVal was therefore used to effectively compare the 
weights of each environmental variable and to compare the thematic classes 
within each environmental variable.   
 
The frequency distribution of Clarens and Molteno Fm. rockfalls in the 
GGHNP was found to compare well with the frequency distribution of 
rockfalls in the Bushmen’s Nek region of the southern Drakensberg for 
rockfalls: 
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 0 – 25 m of rock exposures  
 on slopes with an altitude between 1800 and 2000 m a.s.l  
 with slope gradients of 18° - 29° 
 
However, the frequency distribution of Clarens and Molteno Fm. rockfalls in 
the GGHNP was found to contrast with the frequency distribution results of 
rockfalls in the Bushmen’s Nek region of the southern Drakensberg in terms 
of slope unit, slope aspect and distance to drainage lines.  These observed 
differences might be attributable to the differences between the topography of 
the study area which falls within the northern Drakensberg and the topography 
of the Bushmen’s Nek region which falls within the southern Drakensberg.   
 
The InfoVal weights for the Clarens Fm. rockfalls indicate that rockfalls are 
most greatly influenced by very steep slope gradients between 29° – 62° and 
Molteno Fm. rockfalls are most greatly influenced by very high altitudes of 
2600 and 2800 m a.s.l.  In contrast, the InfoVal results for rockfalls in the 
Bushmen’s Nek region of the southern Drakensberg were found to be most 
attributable to distances of 0 – 25 m of rock exposures (Hardwick, 2012).   
 
Previous macro-scale geomorphological studies on the Drakensberg-Maluti 
Mountains suggested that the massive basalt and Clarens Fm. sandstone 
boulders on the scree slopes below the cliffs formed owing to the resilient 
Basalt-Clarens Formation scarps and are thus lithologically controlled (Moore 
& Blenkinsop, 2006).  The analysis of the topographic/lithological variables 
and their frequency distribution, hydrological variables, and InfoVal weights 
provided in this dissertation, support previous suggestions that the macro-scale 
geomorphological forms, and in this case local- (mirco-) scale forms (rock fall 
deposits) are primarily controlled through topography and lithology.  The high 
frequency of rockfalls occurring in close proximity to rock exposures (0 – 25 
m) and the strong InfoVal weighs for steep slope gradients (29° – 62°) and 
high altitudes (2600 and 2800 m a.s.l) may be supporting evidence that 
lithology in the southern and northern Drakensberg is largely responsible for 
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the presence of rockfalls.  However, whilst the spatial distribution of rockfalls 
may be topographically/lithologically controlled, the temporal/frequency 
dynamics are more likely climate controlled through various climate-temporal 
scales, as has been found for other regions, such as those controlled by 
permafrost (e.g. Rabatel et al., 2008).   
 
ANN analysis was performed to analyse the spatial pattern of rockfalls in 
relation to the environmental variables.  The results for the ANN show that 
rockfalls in the study area relate to the ANN results observed for rockfall 
points digitized in the Bushmen’s Nek region of the southern Drakensberg, 
which also found rockfall points to be clustered in response to various 
environmental variables (Hardwick, 2012).  The observed mean distance 
between Clarens and Molteno Fm. rockfalls was observed to: 
 
 increase with a decrease in altitude 
 increase with a decrease in slope gradient 
 increase with a decrease in distance to rock exposures  
 increase with a decrease in drainage lines 
 
The observed mean distance between Clarens and Molteno Fm. rockfalls was 
also noted to be higher on south-facing slopes and lower on north-facing 
slopes.   
 
In terms of slope units, the observed mean distance for Clarens and Molteno 
Fm. rockfalls was found to be lower on slope units where rockfalls occur more 
frequently and higher on slope units where rockfalls occur less frequently.   
 
Surface density rasters created using point density analysis are useful for not 
only identifying and classifying the geographic locations of rockfall density 
but also assist in calculating average rockfalls per specified area unit.  The 
point density analysis found that an average of ~2 Clarens Fm. rockfalls occur 
per Km² of the entire study area and ~5 Clarens Fm. rockfalls occur per Km² 
at very high density rockfall classes.  On average ~4 Molteno Fm. rockfalls 
occur per Km² of the entire study area and ~15 Molteno Fm. rockfalls occur 
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per Km² at the very high density rockfall class.  The difference in the number 
of Clarens and Molteno Fm. rockfalls suggests that the Molteno Fm. rockfalls 
are more abundant per Km² of the study area.  This is likely as the Clarens Fm. 
is more resilient sandstone which produces fewer but larger blocks.  The 
identification of very high density rockfall regions can be used to assist park 
management in planning tourist activities, and infrastructure planning.  Park 
infrastructure and anthropogenic activities at Wilgerhof show potential risk to 
Clarens Fm. rockfalls.  Overall, infrastructure at the GGHNP possesses no real 
danger from Clarens and Molteno Fm. rockfalls, however anthropogenic 
outdoor activities such as hiking, which are more difficult to measure, could 
be more highly susceptible to rockfall hazards, especially in very high density 
Clarens Fm. rockfall regions.  The inclusion of footpath captured in the field 
using GPS tracking for inclusion in further studies could provide a solution for 
measuring vulnerability to high density rockfalls.   
 
The use of hierarchical partitioning and classification and regression trees 
could prove useful for identifying environmental variables associated with 
rockfalls.  The findings of this study could be taken further to develop 
predictive mapping using logistic regression models to map and quantify the 
proportion of area in the GGHNP most likely to experience rockfall activity.  
Furthermore, precipitation data and multi-temporal imagery could potential 
insight for measuring the effects of climate change on rockfall distributions, 
density and probability over time.   
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